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\n Improved Ice Calorimeter—the Determination of its 
Calibration Factor and the Density of Ice at O°C 


By Defoe C. Ginnings and Robert J. Corruccini 


Theré has been described an improved Bunsen ice calorimeter that has been constructed 
for measurements of enthalpy at high temperatures by the “‘drop’’ method. The calibra- 
tion factor of the ice calorimeter has been determined electrically to be 270.37 + 0.06 inter- 
national joules per gram of mercury, equivalent to 64.631 +0.014 calories per gram of 
mercury where | calorie =4.1833 international joule. Using this calibration factor, it is 
calculated that the density of ice at 0° C and 1 atmosphere pressure is 0.91671 +0.00005 


gram per milliliter. 


I. Introduction at 0° C, a variation of 0.01 percent in the density 

. of ice would introduce a variation of 0.1 percent 

In 1870 Robert Bunsen devised what is now in the calibration factor. Values of the density 
nown as the Bunsen ice calorimeter [1].'_ In this of jeg reported by various observers are rather 
levice, the heat to be measured is allowed to melt scattered. The value given in the International 
e that is in equilibrium with water in a closed 
ystem, and the resulting volume decrease is 
letermined by means of mercury drawn into the 
ystem. The calibration factor, K, of this ice 


Critical Tables [3] is given a tolerance of about 
0.05 percent, corresponding to 0.5 percent on the 
calibration factor of the ice calorimeter. As this 
tolerance is many times larger than might be 
Reon (ratio of heat input to mass of mercury expected, the desirability for electric-energy cali- 
nage = related to the heat of fusion L of ice, bration is evident. The calibration factor ap- 
the specific volumes of ice, v,, and water, v., and parently has not been determined by the elec- 
the density of mercury, d,, by the equation trical method since 1914. It is the purpose of 


K=L/(v,—ve)dm. (1) this paper to describe a modern ice calorimeter 
(developed for use in measurements of enthalpy 


“ee 


This type of calorimeter has several advantages. at high temperatures by the ‘“drop’’ method), the 

first, no temperature or electrical-measuring in- determination of its calibration factor by measured 

‘iruments are necessary if the calibration factor electric-energy input, and the investigation of the 

sconstant. Second, its sensitivity is sufficiently — constancy of this calibration factor under various 

igh that it may be used in microcalorimetry. experimental conditions. 

‘hird, when it is properly used in an ice bath, the 

eat leak is very small. On the other hand, it II. Experimental Procedure 

as the disadvantages that it must always be 1. Description of Apparatus 

sed at 0° C and that the volume of the calorim- 

ter system must be constant. There has been A schematic diagram of the ice calorimeter is 

ome question of the constancy of the calibration shown in figure 1. A central well, A, is provided 

ctor of the ice calorimeter because of the poor to receive objects whose enthalpy (heat content) 

reproducibility of measurements of the density of is to be measured. This well tapers in diameter 
2|. As the calibration factor depends on the from 1 in, at the top to % in. at the bottom. An 

liference in the specific volumes of ice and water electric heater, 7, sheathed in a metal tube is 

a; soldered on the outside of the well in order to 


Figur n brackets indicate the literature references at the end of this P . . 
introduce known amounts of heat for calibration 
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The lower part of the well is sur- 


rounded by two coaxial glass vessels, M, which 


purposes. 


provide an insulating space between the inner ice- 
The 


vessels are sealed to brass with Apiezon wax. 


water system and the surrounding ice bath. 


Any change in volume resulting from melting ice 
in the inner vessel is transmitted to mercury in 
reservoir /2, and thence through a valve, V, to a 
beaker, B, which is weighed to account for the 
change in the amount of mercury in the calori- 


meter system. A constant flow of dry carbon 


























5 1O cm 


Ficure | Diagram of ice calorimeter 

A, Central well; H, electric heater; R), Rs, Ry, mercury reservoirs: 1 
needle valve; B, weighing beaker; 7, cooling coil; G, gate; E, ice bath: L, ice 
bath level; J, ice mantle; S, convection shields; |, 2, 3, 4, thermocouple junc 
tions; W, water; M, Pyrex vessels; D, heat shunt for electric leads; C, glass 
capillary with scale; J, Pyrex jar 
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dioxide gas up this central well is p:ovided 
prevent diffusion of water vapor from | boye », 
condensation in the calorimeter. <A 
serves to cool the gas to the bath t 

A specially designed gate, G, prevents | 

heat from the calorimeter 
central well. The apparatus is immer 

ice bath up to the level, L, in order to minim 
heat leak 


above to 


2. Filling the Calorimeter with Water 


The calorimeter was filled with water that hy 
been distilled in a special still designed to remo 
about 99.9 percent of the dissolved gases. Afi 
the calorimeter system was thoroughly clea: 

and evacuated, the air-free water was allowed | 
flow by gravity down through reservoir R,, to { 
After an 

mantle was frozen in the calorimeter, pure me: 


the calorimeter and glass system. 


cury was sucked through the mercury valve 
into reservoir R;. Melting the ice mantle th 
brought mercury down into reservoirs R, and 
while another ice-mantle freezing pushed out a 
water trapped in R,. The system above 2, w: 
then opened to the atmosphere without dange: 
The 


was to trap any airaccidentally let into the mercu 


contaminating the water. function of 
system and prevent its entry into &,, wher 
All metal surfac: 
in the calorimeter were coated with tin so that t! 


would contaminate the water. 


water was exposed essentially to Pyrex glass a 
tin with only a small area exposed to the Apiez 
wax. Asa check on the upper limit of the amow 
of impurities in the water in the calorimeter, t! 
water that had been used from July 5 to Augus 
18, 1945, was removed and its electrical conducti 
ity measured. In spite of some contaminatir 
during its removal, its electrical conductivity 

dicated a freezing-point lowering of only a f 


check on 


purity of the water while it was in the calorimet 


ten-thousandths of a degree. A 


was provided by observation of the heat-lea 
coefficient. As the temperature was 
probably reproducible to a few tea-thousandths o! 


ice-bath 


a degree, as indicated by conductivity measur 
ments, any lowering in the calorimeter tempera 
ture due to contamination of the water in the inn 
system would be detected by a change in th: 
leak coefficient. No significant change w: 
served during the 7-month period one sampi 
water was in the calorimeter. 
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3. Description of Ice-Mantle Technic 


nantle, J, was frozen around the central 
ll in the inner vessel by introducing a tube filled 
+h solid earbon dioxide into the well. The 
pape of the ice mantle and the rate of freezing 
ore controlled by adjusting the thermal contact 
wiween this tube and the well. The ice mantle 
ys usually frozen in about 1% hr to approxi- 
wately the configuration shown in figure 1. With 
s rate of freezing, no visible cracks in the ice 


An ie 


veloped during freezing, although some very 
vall “filaments’’ always developed in the ice 
fier the freezing was stopped. These filaments 
emed to go all the way through the ice mantle to 

central well and apparently [4] are spaces 
‘led with liquid. Microscopic examination of 
rdinary ice showed similar filaments that were 
wcated at intersections of surfaces of individual 
he crystals. As shown in figure 1, the tube con- 
ecting the calorimeter with mercury reservoir R, 
xtended down into the calorimeter far enough to 
For 


rdinary rates of freezing, the water in this tube, 


prevent ice closing the end of the tube. 


where it was surrounded by ice, subcooled suf- 
ficiently to freezing. Usually, an 
mantle was frozen and allowed to stand overnight 
before being used, although experiments have 
shown that this is not necessary if certain precau- 
taken. The the 
mantle around the lower part of the central well, 
vhere most of the heat is dissipated, permit the 
5,000 calories before the 
has 


avoid ice 


ions are dimensions of ice 


measurement of about 


mantle melts through. Once the ice mantle 
melted through, the calorimeter no longer ac- 
the 


warm water escaping to the outside of the pierced 


irately accounts for heat supplied to it as 


mantle then loses some of its heat to the outer ice 
bath. 

The shields, S, 
the liquid water next to the 


served to reduce convection in 
central well and 
the melting of the 
ce. It would be advantageous to utilize a system 
the calorimeter so 


thereby distribute more evenly 


f heat-diffusing metal vanes in 
that the heat might travel more quickly to the 
surface. As the 
onstructed, the time required for the calorimeter 


nner ice calorimeter is now 
to come to equilibrium varies from a few seconds 
when the ice mantle is very close to the central 
well to about 25 minutes after 4,000 calories have 
been absorbed. This latter time could probably 
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be reduced to less than 5 minutes with a heat- 
diffusing system. 

With the intent of establishing a fluid connec- 
tion from the inside to the outside of the ice 
mantle, it was the usual practice to “premelt” a 
little ice along the central well and next to the 
brass lid of the inner system by introducing a 
tube with warm water into the central well. 
However, experiments made with no intentional 
premelting indicate that the response of the mer- 
cury meniscus to heat input is immediate in spite 
of no apparent liquid connection between the 
inner and outer water. This might possibly 
mean that the ice has been pulled away from the 
metal or that there is a liquid connection through 
the filament-like openings in the ice. It is be- 
lieved that after “‘premelting”’, the calorimeter 
may be used for precise measurements as soon after 
freezing the ice mantle as thermal and mechanical 
equilibria are attained, and the calorimeter “drift”, 
or heat leak, established. With the 
present apparatus, the calorimeter seems to be at 
equilibrium within 1 to 2 hr after freezing the 
mantle and packing the ice bath, provided no 
recent mechanical strain has been imposed on the 
system. An example of such a strain is a change 
in pressure of 1 atmosphere on the calorimeter 


has been 


system; equilibrium was attained only after at 
least 2 hr. 


4. Description of Accounting for Mercury 


The amount of mercury drawn in during an 
experiment is accounted for mainly by weighing 
the beaker of mercury. When the valve, V, is 
closed, the beaker may be removed for weighing 
and any small change in the amount of mercury 
measured in a calibrated-glass capillary. The 
observation of the position of the mercury meniscus 
in the capillary tube, (C, is than 
weighing mercury when changes are small. The 
position of the mercury meniscus in this capillary 


much easier 


is usually made essentially the same at the end of 
an experiment as at the beginning. The capillary 
tube was calibrated in place by weighing the in- 
crease in the amount of mercury in the beaker as 
the mercury meniscus in the tube was lowered. 
This duplex system of measuring large energies 
by weighing mercury, and measuring small 
energies by observing the mercury meniscus in a 
glass capillary has proved very satisfactory. Be- 
fore replacing the beaker of mercury, a slight 
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pressure is applied above A; with the valve open, 
thereby pushing out a small globule of mercury 
on the end of the tip of the capillary tube. In 
this way, no air is trapped when the beaker of 
mercury is brought up around the capillary tip. 
The glass capillary, which has a bore of about 0.6 
The valve 
consists of a hard steel needle seating upon a soft 


mm, is constricted slightly at the tip. 


steel seat, using a paraffin-impregnated leather 
packing. The valve is designed to contain a 
minimum of mercury and is always in the closed 
position when the accounting for mercury is made. 
Precaution was taken to avoid an air bubble in 
the valve, which would cause the mercury column 
in the capillary to break above the end of the 
capillary as the beaker of mercury was removed. 
The amount of mercury in the glass capillary and 
steel valve was small enough so that changes in 
room temperature would not introduce apprecia- 
ble error. Experiments described later indicate 
that the system of mercury accounting was sensi- 
tive to the equivalent of a few hundredths of a 
calorie, corresponding approximately to the pre- 
cision in observing the position of the mercury 
meniscus in the glass capillary. In order to 
utilize this precision, proper precaution must be 
taken that the ice calorimeter and its mercury 
connections are rigidly mounted so that there is no 
appreciable variation in volume of the mercury 
and water systems due to any other cause than 
the melting of ice. 


5. Heat-Leak Control 


The heat leak was maintained small by keeping 
the temperatures of the calorimeter and the ice 
bath nearly the same. While barometric pressure 
was maintained on both the ice bath and the 
insulating around the 
the pressure in the calorimeter was 


calorimeter, 
about 0.2 


gas space 
atmosphere higher than the barometric pressure 
due to the head of the mercury column between 
mercury reservoir R, and the mercury meniscus 
in the glass capillary. The excess pressure about 
compensates for the elevation of the temperature 
of the calorimeter due to the absence of air in 
solution so that the calorimeter is very close to 
0° C. The temperature of the ice bath was main- 
tained as close to 0° C as possible by using clear 
It was 
found satisfactory to use the water from the 
melted ice to make up the bath from day to day. 


ice and pure water to make up the bath. 
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The ice bath was contained in a la Pyre 
jar with insulation, part of which co 
moved for observation during the freez 

ice mantle. One packing of the ice 

sufficient for at least 12 hr, except for the ; 
inch or so, repacked f; 
Several thermocouples were installed for | 
One thern 
having a principal junction (4 in fig. | 
bottom part of the inner-glass container, proved 
be useful in detecting if the protecting ice 


or 
} 


which was 


ently 
tector 
changes. 


of temperature couple 


On the 


mantie 
melted through because the warmer water quick) 
settled to the bottom. 
served as a check on the proper maintenance of 
the top of the ice 


This same thermocouple 


part bath as the reference 
junction (1 in fig. 1) of this thermocouple was 
located on the top lid of the outer vessel. 
actual working conditions, 


Under 
with dry 
dioxide in the insulating space around the calo- 


carbon 


rimeter, heat was lost from the calorimeter at the 
rate of about 0.3 cal/hr, corresponding to about 
5 mg of mercury, or 0.7 mm change in the mercur 
height in the capillary. In order to insure dry- 
ness, the insulating space was evacuated one 
a day through a pump connection near D (fig 
and filled with dry gas. 

In the evaluation of heat leak when the electri 
heat is on, it is necessary to consider the possibility 
of heat loss from the calorimeter by conductior 
radiation, or convection up the central well. Th 
heat loss by conduction was made negligible by 
using a central well made of thin (0.25 mm 
copper-nickel for low thermal conductivity. This 
central well was tempered satisfactorily by th 
ice mantle, so that the temperature of the well at 
the top of the calorimeter was not affected by heat 
input at the bottom of the well. The radiatior 
loss was made small by making the well relatively 
deep. Experiments described later proved that 
heat loss by radiation and convection was negligibl 

As the calorimeter was devised for use in exper'- 
ments where an object would be dropped into th 
central well, it was necessary to provide a gat 
that could be opened for a short time for the drop 
ping, but which normally is closed exposing a sur- 
face near 0° C to the central well so that no heat 
would be radiated down to the calorimeter. Thi 
gate, G, consists of a copper disk (about 3 mm thick 
that may be rotated inside a brass housing with 
only a few tenths of a millimeter spacing between 
the disk and the housing. Any heat received Dy) 
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» part of the copper disk which is blocking the 
| is dissipated through the gas space and 

the outer ice bath. In this way, the 
re of the copper disk is maintained suffi- 
se to 0° C so that there is no appreciable 
jiation down to the calorimeter. The copper 
sk is coated with a surface of polished tin to 
wer its emissivity. Experiments indicated 
at the gate is completely effective in dissipating 
jiation energy even when a furnace at 900° C is 
ed above the calorimeter. 


ntral W 
ysing | 
mperat 


hentlV ( | 


6. Electric-Energy Measurement 

The electric heater used in the calibration ex- 
vriments consisted of 10 ohms of glass-covered 
o. 34 AWG constantan wire, joined to No. 26 
AWG silk-covered enamelled copper wire for cur- 
ent leads, all snugly contained in a thin copper 
ube about 1.3 mm in outside diameter. The con- 
iantan part of the heater was located in a coil, 
/ wound around the bottom 6 em of the central 
J]; the current leads extended up along the 
ventral well through the top lid of the inner vessel 
o the insulating space between the two vessels 
rhere the potential leads were attached. One 
tential lead was attached close to the inner lid 
und the other close to the outer lid on the assump- 
tion that one-half of the energy developed in the 
rent leads in the space between the lids would 
ass to the calorimeter. From the resistance of the 
urent leads, it was computed that about 0.05 
percent of the total energy input to the calorimeter 
came from heat developed in the current leads in 
the insulating space. Both power and thermo- 
couple leads going to the insulating space from the 
outside were brought through a tube to a heat 
shunt, D, where they were wound in good thermal 
ontact with the metal for a length of 10 em. In 
this way, any heat conducted from room tempera- 
ture was dissipated to the ice bath. The measure- 
nents of electric power and time were made similar 

to those of Osborne, Stimson, and Ginnings [5]. 


Ill. Results 
1. “Apparent’’ Calibration Factor 


The results of the electric-calibration experi- 
ments made from July 28, 1945, to May 21, 1946, 
ire given in table 1. In column 3 the mass of 
mercury listed is the difference in the weights of 
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the beaker of mercury at the beginning and the end 
of the experiment, corrected for buoyancy, and also 
corrected for the heat leak and change in the posi- 
tion of the mercury meniscus in the glass capillary 
during the experiment. This last correction aver- 
aged only about 0.5 j and is not listed separately. 
In column 5, is given the total time of the experi- 
ment, that is, the time between the observation of 
the amount of mercury just before the start of the 
experiment and the similar observation when the 
calorimeter is considered to be at equilibrium. In 
column 6 is given the calibration factor, that is, the 
electric energy divided by the corrected mass of 
mercury. In column 7 are given any changes in 
experimental manipulation that were made to 
detect experimental errors and to determine if the 
calibration factor of the ice calorimeter was inde- 
pendent of certain variables. If nothing is given 
in column 7, the usual experimental manipulation 
was followed, consisting in freezing the ice mantle 
in about 1.5 hr, premelting a little ice around the 
central well, and using an electric power of about 
7 w and a carbon dioxide flow rate up the central 
well of about 0.1 ml/sec. 

Examination of table 1 shows that there are 
two main types of experiments, those with 
energies from 8,000 to 17,000 j, and those with 

The large-energy experi- 
minimize small absolute 


energies of about 800 j. 
ments made to 
errors in energy and therefore give the best value 
of the calibration factor, while the small-energy 


were 


experiments were made to detect any small abso- 


lute error that might be significant only in this 
type of experiment. The small-energy experi- 
ments of March 13, 14, and 15 gave the same 
result as the average of the large-energy experi- 
ments of February and March, indicating that no 
significant error of this type existed. It is interest- 
ing to note that the average deviation from the 
mean for these 800-j experiments was about 0.04 
j/g, or about 0.1 j, which corresponds to about 
0.02 mm on the height of the mercury meniscus 
in the capillary tube. No attempt was made to 
observe the position of this meniscus closer than 
the nearest 0.05 mm. It be noted 
that all small-energy experiments were made by 
using the part of the ice mantle close to the central 
well. Under these conditions, the time for the 
calorimeter to come to equilibrium is only a few 


should also 


minutes. 





TABLE 1 Results of electrical calibration experiments 


Mass of Electric , Calibration \ 


Saat ariations in experimental manipulat 
mercury energy actor 


Int 
12249 
12319. 2 
10680) 
16367 
13823 
16267. 5 27 Water in calorimeter changed 
89033 ) 7 Water in calorimeter changed again 
8927 
15064 5 27 Electric power input 1.7 larger than usual 
15231. 5 7 Ice 40 hr old instead of usual 17 hr 
14169. 7 ! 7 Extra time due to capsule in calorimeter 
16650 ‘ 7 Ice mantle 5 hr old 
16655. 7 5 7 7 Ice mantle 3 hr old 
16739 


mantle 60 hr old 


O84 R33. 85 ! } mantle 4 hr old—no premelting around well 
OR34 Ls 7 Do 
OR2ZR B33 7 7 Do 
+. O41 833. 7 } 270. 35 Do 
2425 12502 ‘ 7 Do 
1 OR16 833. 55 7 Do 
}. OB19 AS 7 5 Do 
}. OR20 833. l 7 } Do 
}. OBIS B33 5 7 Do 
12490 57 7 Do 
16867 70. 35 Froze ice mantle 5 times usual rate-—-no premelting 
16752 R 270.3 Cotton in central well in calorimeter 


15951 27 Do 





16500 7 70.3 Reduced CO, flow by one-half—cotton in central w 
12058 ¢ Froze ice at one-fifth usual rate—cotton in well 
10072 7 Cotton in central well 
15011 75 27 Reduced CO» flow rate to one-third usual rat 
16366. 5 r 270. 3 Increased CO; rate by factor of 2 (0.16 ml/sec 
S026. 5 70.3 Froze ice at one-fifth usual rate —cotton in well 
16742 70. 3 Low mercury level in reservoir—cotton in well 
16184 75 70.3 Froze ice under less pressure-—cotton in well 
16043 i 70. 33 CO; rate high (0.2 ml/se« shine light on ice 
7O8 
TOU 
70 
744 
11976 
AAS 
AS 
AS 
&33 
12458 27 Electric power 1.7 higher than usual 
S06. 83 I 2 No premelting around well 
a6. 7 l 7 ; Do 
806. 8&3 I 7 7 Do 
aM. 7 2 3 Do 
12716 7 27 Electric power input 0.56 of usual—no premelting 
Apr 2 16444 170. 34 New power -measuring instruments used 
’ 16387 7 Do 
May l4 ; 7 7 y Do 
7 Do 
2» 7 ; 2 y 27 Do 


21 } ; 1722 ; 27 2 Do 
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The s.uall-energy experiments of January 5 and 
, were made with the ice mantle frozen only about 
we the experiment and with no previous 
if the ice mantle next to the central well. 
xperiments indicated that about 0.02 
error might be introduced under these 
ns in the first few thousand joules of 
input. It should be noted that in the 
ynall-energy experiments of March 15, where no 


4 ni he 


was previously melted next to the central 
vell, the time interval after the freezing of the 
mantle eliminated most of this small error. 

Of the large-energy experiments, those of 
November 2, March 14 and 15 were made varying 
the electric power by a factor of about 3. In the 
xperuments of November 13, 19, 20, December 21, 
January 5 and 9, the age of the ice mantle was 
varied from about 3 to 60 hours. In the experi- 
ents of January 30, February 28, and March 8, 
the rate of freezing of the ice mantle was varied 
by a factor of about 25. From February 21 to 
\larch 6, a study was made of the possibility of 
ss of heat from the calorimeter up the central 
well, either by the carbon-dioxide flow or by 
radiation. The carbon-dioxide flow was varied 
from about 0.03 to 0.2 ml/sec, and any radiation 
vas blocked by introducing a plug of cotton down 
the central well in the region just above the 
neater. The effect of not premelting a little ice 
round the central well was studied on January 5, 

and Mareh 15. On March 13 an experiment 
vas made with a mantle that had been exposed to 
bright light for about 15 minutes, on the possibility 
that melting between crystals in the ice might 
feet the calibration factor. The experiments 
were made with three different charges of water 
u the calorimeter, the first in the calorimeter from 
July 4 to August 18, the second from August 19 to 
September 12, and the third from September 13 
through the end of the experiments. On March 
| an experiment was made with an ice mantle 
irozen under about 0.2-atmosphere pressure in- 
stead of the usual 1.2 atmospheres. On March 9 
an experiment was made with the level of mercury 
in reservoir R,; much lower than usual in order to 
check that the change in level of the mercury 
during an experiment was sufficiently constant. 

It is believed that none of the experimental 
variations described had any significant effect on 
the calibration factor, with the one exception pre- 
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viously mentioned that when an ice mantle is 
used within a few hours after being frozen, it may 
be desirable to premelt some of the ice around the 
central well. This is in contrast with Stern [6], 
who reports that it was about 4 days after 
freezing the mantle before the calorimeter was at 
equilibrium. 

In connection with the experiments with old 
ice mantles, there should be mentioned a few 
experiments made in July 1945, in which quantities 
of heat from 800 to 2,400 j were put into the 
calorimeter in “drop”? experiments by using ice- 
mantles that were 2 and 3 days old. These experi- 
ments gave results that were about 0.2 percent 
lower than experiments with ice mantles that 
were | day old. However, observations of the 
thermocouple (No. 3) on the upper part of the 
calorimeter, as well as observations of the time 
for the calorimeter to come to equilibrium in the 
morning, indicated that the reason for this be- 
havior lay in the failure to maintain a protecting 
ice mantle in the upper part of the calorimeter. 
Because of the hot weather, one overnight packing 
of the ice bath did not prevent considerable heat 
flow to the top of the calorimeter. This melted 
so much of the ice in the top part of the calorimeter 
overnight, that during the experiments there was 
not enough ice to prevent loss of some of the heat 
at the top. In the electric-calibration experi- 
ments, precaution was taken that the part of the 
ice mantle in the top of the calorimeter was still 
intact. 

It will be noted that the results show a down- 
ward trend in February and March. The expla- 
nation of this trend was found in tests on March 
19 to 21, which showed that the calibration of the 


potentiometer used to measure power had changed 
since the last determination in November 1944 by 
about 0.013 percent, affecting the power readings 


by 0.026 percent. After adjusting the values in 
table 1 for July 28, 1945, through March 15, 
1946, to allow for the potentiometer recalibration, 
the results prior to April 1946, gave an “‘apparent”’ 
calibration factor of 270.38 int. j/g of mercury. 
In April and May 1946, experiments were made 
by using different power-measuring instruments, 
including a new and more dependable potenti- 
ometer. These experiments gave an “apparent” 
calibration factor of 270.40, which was considered 
more reliable than the earlier value. 








2. “Ideal’’ Calibration Factor 


In the ice calorimeter described the level of 
mercury in reservoir A, rises slightly during each 
experiment, thereby lowering the pressure on the 
calorimeter. As the calorimeter system is not 
ideally noncompressible, this change in pressure 
produces a change in volume that must be ac- 
counted for in order to obtain the “ideal” cali- 
bration factor where the pressure remains con- 
stant. By observing the response of the meniscus 
to changes in pressure above R;, it was found 
that a change in pressure on the system of 1 mm 
of mercury changed the height of the mercury in 
the capillary by 0.27 mm. Taking this com- 
pressibility and the observed change in level of the 
mercury in A, during an experiment (about 3 mm 
for 16,000 j), it is computed that the value of the 
calibration factor should be reduced to 270.37 int. 
j/g of mereury. The effect of the small accidental 
variation of the height of the mercury meniscus 
in the glass capillary is negligible as the method of 
calibrating the capillary takes into account the 
compressibility of the system, and the change in 
temperature of the calorimeter is negligible for the 
small pressure changes. Also the calibration fac- 
tor for 1.0-atmosphere pressure would be essenti- 
ally the same as for 1.2 atmospheres. Therefore 
the final value for the calibration factor of the ice 
calorimeter is taken as 270.37 int. j/g of mercury 
(equivalent to 64.631 cal/g of mercury when | 
cal=4.1833 int. j). The authors estimate the 
uncertainty in this value to be about +0.06 
int. j/g. This estimate is based mainly on the 
uncertainty in the accounting for heat developed 
in the calorimeter heater leads. 


IV. Comparison of Results With Others 


Prior to 1900 most experimenters determined 
the calibration factor of the ice calorimeter in 
terms of the heat capacity of water. The results 
of these determinations are not given here as they 
are not as accurate as those from electric calibra- 
tion experiments. In recent years most experi- 
menters in ice calorimetry have been satisfied with 
moderate accuracy in the measurements of small 
amounts of These have 
therefore accepted the calibration factors given in 
earlier work. The most trustworthy of the deter- 
minations of the calibration factor appear to be 


heat. experimenters 


those of Dieterici [7] in 1905 and Grifli:hs {g 


1913, both made by electrical means. Diete, 

made 10 calibration experiments of about 300 | 
each, with an average deviation from the meay , 
about 0.07 percent. After correction for chang, 
in electrical standards to these now in use. his cali 
bration factor is 270.49 int. j/g £0.14. Griffiths 


made 12 experiments of about 1,000 j each with gy 
average deviation from the mean of about 0.09 
percent. His calibration factor was 270.18 jn. 
j/g, which he regarded to have a probable error of 
0.08 percent (-+ 0.22 int. j/g). The value of 270 

int. j/g from the present report is within the rp. 
spective tolerances of both Dieterici and Griffiths 


V. Density of Ice 


Using eq 1, the density of ice at 0° C and 1-at- 
mosphere pressure may be calculated from th 
calibration factor of the ice calorimeter, the hea 
of fusion of ice, and the densities of water a 
mercury. Using 270.37 int. j/g of mercury f 
the calibration factor, 0.999868 g/ml for the de 
sity of water, 13.5955 g/ml for the density of m 
cury, and 333.5 int. j/g [9] for the heat of fusion 
ice, the density of ice at 0° C and 1-atmospher 
pressure was calculated to be 0.91671 g/ml. Thy 
largest uncertainty in this calculation is believ: 
to be caused by the uncertainty of 0.06 percent 
the heat of fusion of ice, which is equivalent | 
0.00005 g/ml in the density of ice. 

The numerous measurements of the density o! 
ice have been reviewed by Dorsey [2]. The results 
of these measurements have been so scattered tha 
some observers have believed the density of | 
to be not strictly constant. The value given 
the International Critical Tables [3] for the density 
of ice at 0° C and 1l-atmosphere is 0.9168 +0.0005 
g/ml. It is that the 
method provides the most accurate determinatioi 


believed ice calorimete! 
of this constant since this method is free fron 
many of the difficulties inherent in other methods 
On account of the filaments and cracks that all 
samples of ice appear to have, any experimental 
method that measures the “bulk” density of ic 
will obviously give a different result from methods 
such as the present one, which determine the tru: 
density. Finally, no evidence has been obtained 
with the ice calorimeter that the true density of 
ice is anything but constant. 
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VI. Summary 


There has been described an improve ice 
jorimeter that has been used in determinations 
nthalpy at high temperatures by the “drop” 


yethod 


Electrie-calibration experiments with this 


sjorimeter indicate that the ice-calorimeter cali- 
vytion factor is constant within the precision of 
he experiments under a variety of experimental 


ditions. 
The calibration factor of the ice calorimeter 
: been determined to be 270.37+0.06 int. 
per gram of mercury, equivalent to 64.631 
014 cal/g of mercury, where 1 cal=4.1833 


t } 
4 


; From this calibration factor, the densities of 
ter and mercury, and the heat of fusion of ice, 
s calculated that the density of ice at 0° C 
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and 1 atmosphere pressure is 0.91671 +0.00005 


g/ml. 
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Enthalpy, Specific Heat, and Entropy of Aluminum 
Oxide from 0° to 900° C 


By Defoe C. Ginnings and Robert J. Corruccini 


Apparatus consisting of a furnace and ice calorimeter has been used for the measurement 


of enthalpies at high temperatures by the “drop” method. 


The enthalpy (referred to 0° C) 


of a sample of aluminum oxide (corundum) has been determined in the range 0° to 900° C. 


Derived values of specific heat and entropy are given. 


I. Introduction 


Substances whose thermal properties are accu- 
ely known are frequently useful in calorimetry. 
‘or example, benzoic acid is used in combustion 
Jorimetry for determining the so-called energy 
suivalent of the calorimeter. This avoids elec- 
calibration of the calorimeter and, 
eliminates those 


tric-energy 
eing substitution 
bxperimental errors that remain the same in all 


method, 


mbustion experiments. 

Similar use of a substitution method in heat- 
capacity may be convenient in 
some eases, especially with calorimeters used in 
the method of mixtures. Here, the energy 

tivalent of the calorimeter would be determined 


vy experiments with a standard substance having 


measurements 


curately known heat capacity. 

More often, perhaps, observers would find it 
esirable to utilize experiments with the standard 
substance to give an indication of the accuracy 
btained by them and to provide a guide toward 
mprovement of instrumental technic. In the 
past, water, because of the many accurate investi- 
gations of its properties, has served these functions 
more often than any other substance. 

A material whose enthalpy and heat capacity 
were accurately determined over a very much 
ger temperature range than is possible with 
water would constitute a desirable calorimetric 
standard substance. This material would pref- 
erably be a crystalline solid without transitions or 
hanges of state up to, say, 1,600°C. It should be 
nonvolatile, nonhygroscopic, chemically stable in 
air, and should not absorb carbon dioxide. It 
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also should be of high purity, and the uncertainty 
involved in correcting the results for the im- 
purities should be considerably less than the error 
of the accurate thermal data that would establish 
The heat capacity 
times density) 


the substance as a standard. 
volume (specific heat 
There is ample evidence that in- 


per unit 
should be high. 
troduction of mechanical effects, such as strains 
due to cold-working, cause small but appreciable 
changes in the thermal properties of metals. 
Hence it seems desirable at present to eliminate 
malleable substances, including most metals, from 
the list of prospects. 

Among the most promising possibilities, then, 
are the oxides of Be, Mg, Al, and Zr, provided they 
are not so finely divided as to adsorb moisture 
from the air. This paper presents the results in 
the range 0° to 900° C of an investigation that 
was undertaken to determine the suitability of 
a—Al,O, (corundum)! for use as the above-men- 
tioned standard substance, this material having 
been tentatively chosen because of its commercial 
availability in high purity. 


II. Experimental Procedure 
1. Sample 


The sample of Al,O, was synthetic sapphire ob- 
tained from the Linde Air Products Co. in the form 
of polished rods, 2.5 mm in diameter and 36 mm 
The weight of the sample used was 8.0406 
for buoyancy. A_ spectrographic 


long 
g, corrected 


The so-called 6-form is an impure alumina, whereas the y-form, prepared 
from pfétipitated alumina, is metastable, transforming to corundum at about 
1,000° C 
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analysis performed after the completion of the heat 
measurements indicated 0.02 to .03 percent im- 
purity. No correction for the impurity was ap- 
plied as it was largely SiO,, which, in this tem- 
perature range, has a specific heat very close to 
that of Al,Osg. 
heat of this sample was the same as that of the 
pure material within less than 0.01 percent. A 
1.4-g portion of the sample was ignited at 1,000° 
C for 1 
(0.1 mg). 


[t seems probable that the specific 


hour without detectable loss of mass 


2. Apparatus 


The apparatus, shown in figure 1, consisted 
essentially of a furnace and an ice calorimeter. 
The sample (contained in a sealed capsule) was 
heated to a known temperature in the furnace and 
dropped into the calorimeter that measured the 
heat evolved in cooling the sample to 0° C. The 
heat content of the empty capsule, together with 
the small heat loss during the drop, were accounted 
for in separate “blank”’ experiments. The ice 
calorimeter is described elsewhere [1].? 

The furnace was mounted in such a way that it 
could be swung aside from its position over the 
calorimeter. It consisted of an Alundum tube, 
A, 1-in. in inside diameter and 18 in. long, having 
a Chromel winding and surrounded by insulation. 
The upper end of the furnace tube was stoppered 
by a fired-tale plug, F, 2% in. Auxiliary 
heating elements, B, covered a 3-in. length at each 
Proper apportioning of 


long. 


end of the furnace core. 
power to these end-heaters resulted in a more 
nearly isothermal environment within the furnace. 
The supplying of power to the upper end-heater 
was guided by the indications of a thermocouple 
whose principal junction was located in the upper 
part of the furnace tube. As there could be no 
obstruction to the fall of the capsule, the tempera- 
ture could not be observed within the lower part 
of the furnace tube. The power required by the 
lower end-heater at 
determined by separate experiments in which a 


various temperatures was 


thermocouple junction was located in the lower 
part of the furnace tube. This junction was then 


removed. Tests made at temperatures up to 
1,000° © 


various points within the furnace indicated that 


with thermocouple junctions located at 


under optimum conditions, gradients of only a few 


Figures in brackets ind t erature references at the end of this 


paper 
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Figure 1.—Schematic diagram of high-te mperature ¢ 


apparatus. 


A, Main heating element; B, end-heaters wound on short lengt! 
dum tube; C, capsule; D, shields; FE, fired-tale plug; F, pipe supp 
furnace; G, gate mechanism; L, level of ice bath; P, plunger; R, sil» 
shield to protect ice bath from furnace radiation; T, tube #4 it 
calorimeter well Dotted figure shows position of capsule after fa 
of ice calorimeter are omitted. 
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f a degree an inch still existed in that 
vhere the sample would be suspended. 
for the furnace was supplied through a con- 
ltage transformer and was regulated 
ally. 

The sample was contained in a Nichrome-5 
ysule (fig. 2) having a screw cap of the same 
metal and a gold gasket for sealing. The capsule 
da mass of 8.6 g (capacity of 7 ml) and was 
sembled by welding the bottom to the machined 
oper partat A. The gold gasket, G, was 0.3 mm 
The capsule was filled with helium before 

A new gasket was used each time the 


psule was to be sealed. The capsule (C, fig. 1) 


MW Uhl, 
Ow New 














Figure 2.—Capsule. 


i, Weld; G, gold gasket. 


was suspended about midway in the furnace by 
i No. 32 B & S Chromel wire, the upper end of 
which was attached to a plunger, P, in a long 
ertical tube, 7’, 
lhe provision for releasing the system of capsule, 

e, and plunger in practically free fall and slow- 


situated on top of the furnace. 


ts drop by means of an air cushion once the 
sule has entered the calorimeter was similar to 
that devised by Southard [2]. 


Heat Capacity of Aluminum Oxide 


The function of the gate, G, was to intercept 
radiation down the well to the calorimeter. Its 
effectiveness is indicated by the fact that there 
was no observable difference in the calorimeter 
heat-leak rate with the furnace in place at 900° C 
or with it swung aside. The gate was held open 
for 2 seconds during each drop. A _ negligible 
amount of heat entered the calorimeter during 
this interval (about 0.1 cal with the furnace at 
700° C) and would in any case have been ac- 


counted for in the blank experiments. 


Figure 3 
shows how the gate carries the suspension wire 
against the wall of the calorimeter well in closing. 
This provides for intercepting any heat conducted 
along the suspension wire from the furnace. 


° ! 2 IN 
Quon i al 





Fiaure 3.—Calerimeter gale in open position viewed from 


above. 


G, Gate; I, housing; S, spindle; W, calorimeter well. Dotted line shows 


position of hole in gate after gate has been closed by rotation in direction of 
the arrow 


The temperature of the capsule and contents 
was measured by a platinum 
cent rhodium 


: platinum-—10-per- 


thermocouple, whose principal 
junction was fused into a silver ring (R, fig. 1) 
consisting of a section of silver tube 12 mm long 
with a wall thickness of 0.5 mm. This ring fitted 
tightly within the Alundum furnace core and was 
located in such a way that the capsule would be 
within it 
purpose was (1) to provide for a rigid attachment 


when suspended in the furnace. Its 
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of the thermocouple junction that would not be 
easily dislocated by shock or thermal expansion, 
(2) by means of its high-thermal conductivity to 
provide temperature 
around the furnace wall, and (3) to attach the 


some integration of the 
thermocouple junction thermally to the furnace 
wall, thus preventing the temperature of the junc- 
tion from being affected by conduction of heat 
along its leads. The effect of such conduction had 
been noted as a response of the thermocouple to 
variations in the temperature of that part of the 
The effect 


was eliminated by installation of the silver ring. 


furnace through which the leads pass. 


The existence of temperature gradients in the 
furnace, together with the fact that the capsule 
when in the furnace presents a small solid angle to 
a cold surface below the furnace exit, suggested 
that the temperature of the capsule might not be 
quite identical with the temperature of the near- 
by thermocouple junction. The method of cali- 
bration of the thermocouple was such as to offset 
this effect, at least in part. 
comparing the thermocouple with a second plat- 
rhodium thermo- 


This consisted in 


inum platinum-—10-percent 
couple whose principal junction had been placed 
within a dummy capsule approximating in size, 
shape, and thermal conductivity the real capsule, 
and the dummy capsule being inserted into the 
furnace from the bottom and located in the posi- 
tion that the real capsule would occupy in use. 
This second thermocouple was certified at the 
Bureau by comparison with a standard platinum: 


platinum rhodium thermocouple. In addition, 
it was calibrated directly at the steam and sulfur 


points. 

All electromotive-force readings were made with 
a Wolff thermocouple potentiometer, the calibra- 
tion of which was checked during the measure- 
ments. Although the emf of the thermocouple 
could be measured to within 0.1 psy (0.01°) and 
the furnace could be held constant to within a few 
hundredths of a degree, the measurement of tem- 
perature of the sample was probably not accurate 
to better than one-tenth degree up to 500° C. and 
several tenths at 900° C. 

In addition to the measurement of the tempera- 
ture in the furnace, it was necessary to allow 
sufficient time for the capsule and its contents to 
come to effective equilibrium with the furnace. 
This time was estimated early in the series of 
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experiments. With simplifying assun. tions 
may be shown that 


on 9 |= 


where @ is the heat evolved in any ex) rim, 
in which the capsule has been in the furngo, 
long enough before dropping to reach 

equilibrium, and Q is the heat evolved with 
shorter time, ¢, in the furnace, the latter being }, 
at constant temperature. The 
which is evaluated by two such experiments 


constant, kK 


equal to the time required for the temperaty 
difference between capsule and furnace to 

In the bla: 
experiments, the capsule was held in the furng 
at least 20 minutes before being dropped, wher 
in the experiments with Al,O,, at least 45 minute 


\ 


reduced by a factor of one-tenth. 


was allowed. In most cases, these times exceed; 
4K, so that any error due to failure to reac! 
thermal equilibrium should have been less th, 
addition, 


0.01 percent. In occasional long 


experiments (noted in table 1) were made with : 
consistent difference in the results.* 

In addition to measuring the temperature of t! 
sample in the furnace, it is also necessary 
account for any loss of heat from the sample (a 
falling from the furnace to the calorimeter 
(b) up the calorimeter well, while cooling in t! 
calorimeter. 

(a) Calculations indicate that in a drop 
1 ,000° C, the capsule may lose as much as 30 or 4 
cal by radiation and convection to surroundings 
other than the calorimeter. This loss will b 
slightly less in the case of the empty capsule a: 
compared to capsule plus sample, the differen 
depending upon the coefficient of heat transfi 
within the capsule and its contents. It has bee: 
calculated that, for a sample of average heat 
capacity, the above-mentioned difference will no! 
exceed about 1 cal or about 0.05 percent of enthalpy 
of the sample and probably is less than 0.01 per 
cent in experiments below 1,000° C. An addi- 
tional error is possible if the rate of fall is not 
reproducible. The velocity of the capsule at « 
point just below the furnace exit (near S, fig. ! 

* It was also necessary to allow sufficient time after the drop for the 
and contents to come to the temperature of the ice calorimeter. In t! 
however, it was possible to observe directly in each experiment the t 
cessary to come to equilibrium. This time was on the average 26 
for the empty capsule and 66 minutes for the experiments with the 


These times included, of course, the time for the calorimeter itself to 
equilibrium. 
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Resuits of ondividual experiments 
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Blank experime sts Sample plus capst ke 
Tem per vate Mass of eviatio Temper ese Mass of Deviation 
ature -— mereury @ from mean ature . mercury from mean 
mM g g g g 
Irl i ‘0. 7043 0. 0004 ‘ |) S646 0. 0009 
- 0.3 N 23, 1945 7035 mlz Mw). 3 Apr. 20, 1946 1. 8629 0008 
ert 7064 0017 1. 8640 0003 
wit! 
Mean 0 7047 Mean 1. 8637 
o } 
m iit 
if h | +1. 5750 Ool4 44.2045 0005 
‘ 110. 5 Nov. 26, 194 1. 5730 0015 110. 5 May 1, 1946 4. 2047 0003 
its 1. 5747 0002 4. 2058 0008 
erat 
Mean 1. 5745 Mean 4, 2050 
LO he 
( bla: 2. 9331 0046 
f 2. 9383 0006 ‘8. 2733 0008 
lurna Nov. 23, 104 9 ” - 
til 2. 9395 oOo1R 200. 7 Apr. 30, 1946 8. 2716 0009 
‘ hers g 200. 7 2. 9425 0048 8. 2725 0000 
ni ‘2 9369 0008 
anu Nov, 28, 194 2. 9383 0006 Mean 8. 2725 
Cee 2. 9354 0023 
; Pay 
rea Mea 2. 9377 
Ss tl} 
4. 5O7R 0007 12. 40 0024 
a U 
300.9 N 26, 104 4. 5ORS5 0000 0.9 May 2, 1046 12. OS76 0040 
mith 4. 5093 0008 12. 9939 0023 
Mean 4 5OR5S Mean 2. 0016 
of ti 
ry | ‘6. 5521 ool4 19, 2351 OO19 
426 Nov. 27, 1945 6. 5532 0003 426.7 Apr. 26, 1946 19. 2348 0022 
il 6. 5552 0017 19. 2411 0041 
Ler 
Mear 6. 5535 Mean 19. 2370 
in ' 
9. 1462 0012 |Apr 25, 1946 27. 1301 0022 
579.0 Nov. 27. 1945 9. 1438 oo12 79.0 May 3, 1946 27. 1257 oo22 
p | 9. 1451 ooo1 i ay 6, 104 27. 1280 ooo! 
or 4 
Mea 9. 1450 Mean 27.1279 
dings 
ll } | 11. 8546 O06 | Apr. 25, 1046 35. 0452 0005 
iN 44 11. 8485 0000 May 3, 1946 45. 0531 0016 
ile 11. 8459 0026 May 6, 1946 i. Onl 0004 
793 8 . 
S 1. 8346 b 7z 35. 023 0313 
ren “ o ad _ May 9, 1946 ‘ _— rs 
11. 8502 0Oo17 35.0450 0067 
f May +4f : 
nsit 11. 8470 0015 35. 0588 0041 
May 10, 1046 
he 11. 8469 0016 35. 0588 0041 
he Mea 11. 8485 Meat O47 
Lm 
|May 15, 194¢ ‘13.8146 040 40. 7804 OO2K 
alpy er , . _— In ay 7, 1946 2 
ap 826.0 Ins 13. 8153 0033 826. 0 40. 7812 0020 
‘ luge 
pel ” | #13. 8258 oo72 I May 13, 1946 10. TREO OO48 
| 
ad Mean 13. 8186 Mean 40. 7832 
no 
15. 2381 0006 44. 8031 0035 
1 ‘ } May 8, 1946 
' SUS, 7 May 16, 1946 15. 2359 OO’ SUS 44. BRIAR OOTS 
] | 415. 2421 0034 Im ay 13, 1946 44. 8040 0044 
Mear 15. 2387 Mear 44 S*06 


ted for buoyancy 





experiments were weighted slightly less because of unsteady heat leak 
on suspicion of moisture in calorimeter well 
n furnace on these experiments was at least 20% more than on those of same group not so marked 


ments discarded 


w-rate in calorimeter was about three times as great as usual, 
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was determined by suspending a magnet below 
the capsule and measuring with a cathode ray 


oscilloscope the emf produced in a coil through 


which the magnet fell when the plunger was 


released. The velocity was found to be repro- 
ducible within the uncertainty of the measurement, 
which was about 2 percent. Also, it was within 
2 percent of the velocity of free fall of the magnet 
in air. 
of the falling system was kept constant, regardless 


During the heat measurements, the weight 


of the weight of sample, by means of small weights 
that could be added to or removed from the 
plunger. 

(b) Approximate calculations indicated that 
the loss of heat up the calorimeter well by radi- 
ation and conduction from the hot capsule after 
its fall was quite small for temperatures up to 
1,000° C. 


unknown, and for the purpose of minimizing it as 


However, the convection loss remained 


well as the other upward losses, there was em- 
ployed a system of thin, horizontal platinum 
shields (D,. fig. 1 
capsule and spaced about \ in. apart on the sus- 


of the same diameter as the 


pension wire immediately above the capsule. The 
effectiveness of the shields was tested by drop eXx- 


25°, in which the number of shields 


periments at 7 
was varied while maintaining the heat capacity 
of the system constant. The heat evolved was 
about 2,000 cal for each experiment. In going by 
steps from one to four shields, the total range of 
variation in the heat transferred to the calori- 
meter in each experiment was 0.7 cal, the varia- 
With no shields the 


heat transferred to the calorimeter was less by 5 


tion being largely random 


cal. Thus one shield appeared to be adequate for 
confining the convection. In the experiments with 


Al.O,, two shields were emploved 


III. Results 


The results of 31 experiments with the sample 
and 35 blank experiments are given in table 1 
The blank experiments were made at the same 
series of temperatures as the experiments with 
sample. In this table are listed the masses of mer- 
cury taken into the ice calorimeter in the respec- 
tive experiments. Two classes of corrections have 
been applied to these masses. These corrections 
are small and therefore are not listed separately 
The first class comprises corrections for slight de- 
viations from ideal calorimetric behavior, that is, 
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for heat leak and the change in posit 
mercury meniscus between the beginni: 
of an experiment. These corrections w: 
independent of the magnitude of the hea 
in an experiment, and each kind aver 
about 0.002 g of mercury (equivalent to 
cal). The second class of corrections 
for small differences in the amount of gas 
contained in the capsule in the experim: 
the sample as compared with the blank 
ments and also accounted for small variations 
capsule weight resulting from slow surface oxic, 
tion of the Nichrome wire at temperatures abo, 
800°. These corrections, when lumped together 
were approximately proportional to the amow 
of heat in an experiment and averaged aboy 
0.04 percent of the net mercury intake (that du 
to sample alone). 

In table 2 the conversion of experimental dat 
to enthalpy of Al,O, is completed by using 64.6 
eal/g of mercury (1 cal=4.1833 int. j) 


for the 
apparent” calibration factor of the ice calori 
eter [1]. An enthalpy-temperatu 


curve was drawn through the data of tabl 


arbitrary 


values were read off at even temperature intervals 
The deviatio 


of the observed enthalpies from the smooth 


and the results were smoothed. 


values before rounding off the latter are giver 
the last column of table 2. 


Tarte 2.—Computation of enthalpy—Compa 


smoothed values 


Tempera Net mass 0 
ture, f mercury * 


cal. g 

0 
1. 1500 9. 317 
2. 7206 21. 870 
». 3348 42. S86 
4831 68. 195 
6835 101. 962 
7. GR20 144. 54 
3. Aw 186. 553 
9646 216. 767 


20. 6509 ZK. 362 


* From table 1: Means from column 7 minus means from « 


>» Mass of sample=8.0406 g; “apparent” calibration factor 


eter = 64.638 defined calories per gram of mercury 


Values of specific heat, C,=—(0H/oT 
obtained from the smoothed enthalpy d 
the method of Rutledge [3]. The entro; 


Journal of Research 





0° C), Sh=}i(C,/T)dt, was calculated 

Simpson’s rule. The smoothed values of 

rough » and the derived quantities are given in 
volved 
d on! 

out 0) TARLE ¢ Enthalpy, specific heat, and entropy of AlyOs a! 


yunt even temperature intervals 
ounte 


{1 cal=4.1833 int. j; 0° C =273.16° K] 





emper 
ture 


C OXida g Cal q ‘degC | Cal g-‘deg' Kk 
0. 1731 0 
Sabor 1830 0. 01259 
ogether 7 . 1922 02498 
2007 03714 
amour ; 
2085 04906 
| abou 
0607 
hat du a . 
07218 
08337 
09431 
ar da 37 10499 
64 hj 
11542 
P 
for the 12560 
alorin 52. 5 13554 


rat 14524 
CTacu M70 
abli 

i 16393 

eTVais . 

; 37 17293 
18171 
19028 


1GS865 


2682 
21480 
222) 
2023 


23770 


23800 
20238 
20865 


3048 


31086 
31681 
S22 
$2841 
S340 


3062 
44500 
. 35048 
35579 


102 


$6617 





IV. Discussion of Results 
1. Reliability 


An index to the reproducibility, or “precision’’, 
of the enthalpy measurements is given by the 
deviations from the mean (table 1). The average 
deviation of this type was 0.015 percent in the 
experiments with the sample. Another index is 
given by the deviations of the mean observed 
values of enthalpy from the “smoothed” values 
(table 2). The average deviation of this type was 
about 0.035 percent. In addition to the accidental 
errors there must be considered the possibility of 
systematic errors. For example, the calibration 
factor of the calorimeter may be in error by 
0.02 percent [1]. The possibility of error in the 
measurement of temperature has already been 
discussed as well as the error attached to the 
heat loss in dropping. From consideration of these 
and other errors, the authors believe that the 
smoothed values of enthalpy given in table 3 
do not differ by more than 0.2 percent from the 
true values, except below 100° C, where the 
relative sensitivity of the apparatus and method 
is less. This estimate of error is supported by 
measurements of the enthalpy of liquid water * 
at 254° C using the same apparatus, with the 
exception of the capsule. The results were within 
0.04 percent of what may be considered an 
accepted value [4]. 

In addition to the error in the determination of 
enthalpy, an error of about the same magnitude 
has been introduced in determining the derived 
quantities of specific heat and entropy. These 
quantities also possess an increased uncertainty 
above 850° C due to the difficulty of determining 
the derivative of a function near its end. 


2. Comparison with Other Investigations 


The specific heats near 0° C could have been 
adjusted so as to conform more nearly to the low- 
temperature measurements of Parks and Kelley 
[5] and Simon and Swain [6], which extend up to 
near 20° C. However, the results in table 3 are 
already within, at the most, 0.9 percent and on the 
average 0.5 percent of the five determinations of 
the above authors in the range of overlap. As the 


deviations are not greater than the estimated 


* These measurements will be described in more detail in a paper on p-xylene 


which will follow in another journal 











error of any of the investigators concerned, and as 
the present results fall below those of Parks and 
Kelley and above that of Simon and Swain, no 
attempt was made at any adjustment. 

There several high-temperature 
measurements on AlO,. For comparison, these 


have been 
results have been placed on the basis employed in 
this paper, that is, mean specific heats or enthal- 
pies between high temperatures and room tempera- 
ture have been converted to enthalpies referred to 
0° C by using data in table 3. These adjustments 
are small in all cases’ and are not subject to suf- 
ficient uncertainty to materially affect the com- 
parisons among different authors. 

Figure 4 shows the derived specific heats from 


= | 


2.29 








? 
Ritts 


200 400 600 
TEMPERATURE (°C) 
Fieure 4 Comparison of mean and true specific heats of 


ALO, with those from some other inve stigations. 


; 


H 
, NBS (derived); @, Parks and Kelley: §§, Simon and Swain; “"”, 
; 


N BS (smoothed N BS (observed Shomate and Naylor; ‘ 


von Gronow and Schwiete Roth and Bertram 


table 3 compared with the observed specific heats 
of Parks and Kelley, and Simon and Swain. The 
mean specific heat, /7},/t, is also plotted showing 
results of selected investigators for comparison. 
Use of the quantity //\)/t rather than H)j, serves 
better to between  in- 
vestigators as well as irregularities in the work of 
The results of von Gronow 


show up _ differences 
any one investigator. 
and Schwiete [8] and Shomate and Naylor [9] are 
within 1 percent of those of this investigation, 
whereas the results of Roth and Bertram [10] are 
within 2 percent, with one exception. Observed 
data of the above authors were used in plotting 
figure 4, except for von Gronow and Schwiete, who 
published only smoothed results. 
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No weight is attached to the work of 
Kolosovski and Skoulski [12], Newman a 
[7], Miehr, Immke, and Kratzert [153 
[14], Esser, Averdieck, and Grass [15], L 
[16], Auzhbikovich [17], Cherbov and ¢ 
{18}, or earlier investigators because of 


Natior 


defects in experimental methods and/or -amp\ 
The results of the above authors differ by severg| 
percent on the average from those of this invest 
gation, being lower for the most part, except from 
100° to 200° C, where they cluster about th 
results of this investigation. 


V. Conclusions 


The results of the present investigation indicat, 
that Al,O; in the form of synthetic sapphire 
(corundum) is admirably suited to serve as 
standard of heat capacity in the range 0° to 900° ( 
There is no apparent reason why it should not 
serve equally well in the range 0° K to 0°C, ar 
from 900° C up to at least 1,600° C, 
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Transmission Measurements With The Beckman 
Quartz Spectrophotometer 


By Kasson S. Gibson and Margaret M. Balcom 


The Beckman quartz photoelectric spectrophotc meter, covering the wavelength range 


from about 200 to 1,200 millimicrons, is proving of great utility in spectral transmission and 


absorption measurements. 


Essential features of the instrument are described, including 


a constant-temperature enclosure (for samples) designed and constructed at the Bureau. 


Various instrumental characteristics are noted and possible errors discussed, particularly 


those that may be present in the measurement of polarizing samples. 


tions are shown for two instruments. 


Wavelength calibra- 


A detailed over-all check of the reliability of data 


obtained on the Beckman spectrophotometer by means of glass standards of spectral trans- 


mittance shows it to give results over the wavelength range from 390 to 750 millimicrons 


fully as reliable as those obtained with other spectrophotometers, if indicated precau- 


tions are taken 


I. Introduction 


In a standardization and testing institution such 
sthe National Bureau of Standards it is essential 
that every means be taken to insure accuracy of 
results. Itis further desirable that many different 
ethods and instruments be available to handle 
the wide variety of testing submitted. 

This is true in spectrophotometry as in other 
elds. Spectrophotometers are subject to many 
noying and hard-to-detect errors. One can 
ave a good instrument, make a careful wave- 
ngth calibration, reduce stray light to negligible 
roportions, reduce the slit widths or use homo- 
radiant energy, test the photometric 
vale, and control the temperature of the instru- 
nent or the sample. In this and other ways he 
may believe that the results obtainable over the 
setter part of the appropriate wavelength range 
we highly accurate. He may also do this with 
ther instruments of different type, covering the 
vavelength range in which he is interested. 

He may then carefully measure the spectral 
‘ransmittance ' of a glass on each instrument but 


reneous 


he terms spectral transmittance (T) and spectral transmittancy (T,) are 
| as defined in the Optical Society of America Colorimetry Committee 
port (J. Opt. Soe. Am. 34, 183; 1944). Spectral transmittance (p. 184 and 
‘) is thus the ratio of transmitted to incident radiant flux, evaluated for 
articular wavelength of incident energy. In the present paper the term 


bbreviated simply to transmittance. Spectral transmiftancy (p. 189 


Beck man Spectrophotometer 


find that the results do not agree to the expected 
extent. He may or may not have the time or 
otherwise be able to eliminate the discrepancy. 
For this reason it 
different types of instruments on hand, especially 
if spectrophotometric standards are being issued 
to other laboratories to check the performance of 
their instruments, or if effort is being made to 
determine with the greatest certainty the true 
values of transmittance at the specified wave- 


is advisable to have several 


lengths. 

With to the wide variety of work 
submitted, transmission values may range from 
unity down to a few hundredths of 1 percent (for 
example, welding glasses or filters for viewing 
searchlights), and these values may be desired to 
Also, the wave- 


respect 


two or three significant figures. 
length spectrophotometers are 
limited, and near the ends of 
these ranges are usually of lowered reliability. 


ranges of all 
values obtained 


Furthermore, most spectrophotometers are de- 


is the ratio of the transmittance of a solution to that of the solvent in equiva- 
lent thickness, again evaluated for a particular wavelength. It can be 
measured if the solution and solvent are placed in identical absorption cells 

Consistent with the above, the word transmission has been discontinued 
as a specific term, along with many other words ending in ion. As an adjec 
tive, however, the word is often useful when it is desired not to be specific 
For example, in the present paper, the word transmission is used where the 
statement being made would apply both to the measurement of transmittance 
and to the measurement of transmittancy 
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signed primarily for special purposes and will 
handle adequately only a limited variety of testing. 

For reasons such as these, the Photometry and 
Colorimetry Section of the National Bureau of 
Standards 
photometers that have been developed by the 
Bureau or purchased over a period of years. The 
or operation of these has been 
described in publications listed in 
Bureau Letter Circulars LC398, 628, and 789, 
‘and reference to of these instruments is 
made later in the paper. 


maintains several types of spectro- 


development 
numerous 


some 


Two of the Beckman quartz spectrophotometers 
the Photometry and 
Colorimetry Section, one in 1943 and one in 1945. 
These were obtained for the purpose of 
“testing” the but to facilitate the 
large amount of standardization and testing work 


have been obtained by 
not 


instruments 


of the Section, especially during the war periods. 
A complete study of the instruments therefore has 
not been made, but sufficient information on their 
calibration and operation has been obtained to be 
of interest and value to others, as was true earlier 
with the Electric 
photometer.’ 


General recording spectro- 

The scope of the present paper is limited mostly 
to transmission measurements, although much of 
the obtained is equally useful in 
reflection work. Furthermore, only the optics of 
the measurements are considered, little study 


information 


having been made of the electric circuits of the 
A few of the points 
noted were briefly considered in a recent pub- 


Beckman spectrophotometer. 


lication.® 


II. Description and Operation of the 
Instrument 


The Beckman spectrophotometer has been dis- 
cussed in some detail in a paper by Cary and 
Beckman.‘ 
stray radiant energy, phototube sensitivity, elec- 


In that paper questions of design, 


tric circuits, and slit widths are considered and 
illustrated. Figure 1 of the present paper is a 
reproduction of figure 3 of the paper by Cary and 
Beckman. 


? Kasson 8. Gibson and Harry J. Keegan, Calibration and operation of 
the General Electric recording spectrophotometer of the National Bureau 
of Standards, J. Opt. Soc. Am. 2%, 372 (1938 
* Kasson 8. Gibson, Spectrophotometers, ASTM Proc. 44, 725 (1944 
‘H. H. Cary and Arnold O. Beckman, A Quartz photoelectric spectro- 


photometer, J. Opt. Soc. Am. 31, 682 (1941), 
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Radiant energy from an incandescen 
other illuminant, A, is focused on the s 
means of the concave mirror, B, and 
mirror, C. The beam entering the s| 
limated by mirror / and passes through t! 
prism to the reflecting surface, F. After r: flectio, 
at F the beam returns along nearly the same pat 
to the same slit, D, where it emerges 
above the entrance beam and mirror (¢ 
passage through the sample or sample compari 
ment, @, the beam is incident on the phototube, 17 


quart 





Figure 1.—Optics of the Beckman 
This is a reproduction of figure 3 of the paper by Cary and Beckn 
J. Opt. Sec. Am. 31, 682 (1941 


spectrophotomet: 


Two phototubes are supplied installed in tly 
instrument, either of which may be inserted in the 


phototube 


beam at will. One is a “cesium oxide”’ 
(“red sensitive’) for use primarily in the range 
from 620 to 1,200 my. The other is a special 
“cesium antimony” phototube (“blue sensitiv: 

for use primarily below 620 mu. 
lamp and common glass phototube are used, this 
range terminates at about 320 my. If the tub 


has an envelope of Corning 9740 glass, and if a 


If incandesce! I 


hydrogen lamp with a window of the same typ 
of glass is used as source (all supplied with th 
instrument when desired), the range extends t 
about 210 mu. 

The photometric scale is based on electrical 
rather than optical principles. The photoelectri 
current from the irradiated cell produces across 
the phototube load resistor a voltage drop which is 
balanced by a potentiometer. While this nu! 
setting is being made any imbalance is amplified 
electronically and is indicated by a milliammeter 
on the instrument. Accuracy of the photometr 
scale depends, among other things, on conformit) 
of the phototube load resister to Ohm’s law, and 
on the linearity of the irradiation-current relation- 
ship. 
tion should hold closely. It is understood that 
linearity is still further assured by the use of 4 
frame-type anode in the phototubes. 

In general, three readings are necessary to make 
a transmission determination at any wavelength 
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As vacuum phototubes are used, the rela- 
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the vero reading, in which the beam is blocked 


fom the phototube by an “‘off’’ shutter, and the 


~lvanometer is brought to balance by a “dark 


rent’ adjustor, (2) the 100-percent reading, in 
shich the beam falls on the phototube after pass- 
ing through the transmission standard (blank 
bam, solvent cell, or standard glass), and the 
nilliammeter is brought to balance by adjusting 
‘he slit width or the “‘sensitivity”’ adjustor, and 
the transmission reading, in which the unknown 
or test sample is placed in the beam and the galva- 
smeter, is brought to balance by turning the 
otentiometer dial carrying the ‘‘transmission’’ 
“density” ® scale. The 100-percent reading 
nay be made either by setting the dial to 100.0 or, 
more conveniently, by setting a selector switch to 
heck”. This switch is then set to “1” for the 
the transmission reading, or to ‘.1”’ if it is desired 
io read transmission values between 0.0000 and 
000 on a “X10” seale. Unless the transmis- 
son values are low (below 0.10), the zero reading 
does not usually have to be checked at every 
savelength. 
The instrument is designed primarily to meas- 
the transmittancy, T, (or—logy7’,) of solu- 
tions relative to solvent in a l-em thickness, and 
i holder is supplied for carrying the l-cm cells 
mished with the instrument, as well as shorter 
To measure the 


lls, which are also available. 
iransmittance of glasses, it was necessary to con- 
struct a special holder that would fit into the 
The glass can thus be readily 
Samples up to 


shifting platform. 
moved in and out of the beam. 
about 2 inches square can be accommodated. 

To handle solutions up to 10 cm in thickness the 
manufacturers supply an alternative sample cham- 
ber which may be placed between the instrument 
sit and the phototube compartment. They also 
supply absorption cells 2, 5, and 10 em in length 
with adjustable holder. This auxiliary equipment 
was purchased with the first Beckman spectro- 
photometer, but for reasons of convenience, the 
arrier has been replaced by a constant-tempera- 
ture enclosure designed in the Photometry and 
Colorimetry Section, which will accommodate 
the absorption cells used with the Bureau’s Kénig- 
Martens and Gibson spectrophotometers. 


lhe words “transmission" and “‘density’’ are engraved on the dial on 
nich the seales are carried 
earit of transmittance or transmittancy 


By density, in this case, is meant the negative 


Beckman Spectrophotometer 


1. Constant-Temperature Enclosure 


This constant-temperature enclosure is some- 
what similar to those used on the above spectro- 
photometers. The outside dimensions were neces- 
sarily smaller, however, as it had to fit light-tight 
into the sample chamber supplied with the Beck- 
man instrument. 

Figure 2 shows this enclosure along with various 
other accessories related to the instrument or the 
measurements. The temperature of the holder, 
A, is kept constant at 25° C or other desired tem- 
perature by means of water pumped through 


Figure 2.—Beckman spectrophotometer and various auzil- 
iary equipment as installed and used in the Photometry 
and Colorimetry Section of the National Bureau of Stan- 


dards (see text for ex vianation). 


from a constant-temperature bath. The tem- 
perature of the water in the holder is indicated by 
the thermometer shown, the bulb of which is 
placed inside between the two cell compartments. 

The absorption cell parts are shown beside the 
instrument. These cells are 1, 2, 4, or 10 cm in 
length. They have been described in detail in 
previous publications.* They 
tubes on the inside, with separate glass or quartz 
end plates held on by the brass caps. The cells 
are thus easily taken apart for cleaning. 

The diameter of the openings in the constant- 
temperature enclosure is about 30 mm, just large 
enough to hold the absorption cells shown and also 


consist of glass 


* K. 8. Gibson, H. J. MeNicholas, E. P. T. Tyndall, M. K. Frehafer, W. E 
Mathewson, The spectral transmissive properties of dyes. I. Seven per 
mitted food dyes in the visible, ultra-violet, and near infra-red, BS Sci. Pap 
18, 121 (1922) 8440. Also described in R P30 (see footnote 12 














the glass standards of spectral transmittance which 
Other 
samples, such as 2-inch squares of glass or plastic, 
can be holder 
resting on the platform and held in place by a 


the National Bureau of Standards issues. 
mounted on the outside of the 


spring finger 

This means of temperature control is considered 
adequate for the purpose, which is primarily to 
hold the samples at some specified temperature 
within room-temperature range. In Washington, 
D. C. these room temperatures may vary from less 
than 20° C in the winter to dbout 35° C in the 
summer, and such variations may have important 
effects on transmission values. An additional 
reason for the temperature control is that the lamp 
sources on the Beckman spectrophotometer are 
closely adjacent to the sample compartment, and 
without the control, the whole enclosure (with 
samples) slowly heats up during extended measure- 
ments. 

Although this means of temperature control is 
primarily for maintenance at 25° C, it is also con- 
sidered adequate for maintaining the absorption 
cells and 30-mm glass standards at temperatures 


and has often been so 


° 


from about 25° up to 55° C, 
used. 

Certain other points of interest may be noted in 
figure 2. At B is the holder for glass samples to 
which reference has already been made, used when 
temperature control of the sample is unnecessary. 
At ( is the four-compartment solution-cell holder 
supplied with the instrument. At D is the slide 
carrying the stray-energy filter, supplied with the 
instrument. 

At Fis an auxiliary indicator line which has been 
added above the wavelength scale of the instru- 
ment. The use of a single indicator line, as in- 
stalled in the instrument, results in parallax and 
consequent uncertainties of wave length setting 
larger than desired. A slide-rule indicator glass 
fits nicely into the space, and was cemented onto 
the instrument glass with the black line up. The 
two fine lines thus presented greatiy increase the 
precision of wave-length settings. 


2. Multiple Reflections 


Certain other points regarding the instrument 
and its operation may be noted. On the 1943 
instrument both slits were covered with plane 
How- 
ever, the normal divergence of the exit beam pre- 


quartz plates to keep out dust and fumes. 
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vented accurate measurements with | 
the beam hitting the sides of the cell n 
end. To remedy this the quartz plat. 
exit slit was changed to a lens of 30 


Mm cell 
the fg 
ver tl 
n foeg 
length, which rendered the beam mor, or |, 
“parallel” and made it possible to use 
up to 10 em. On the 1945 instrument, t! 
plate over the exit slit had been replace: 


engtl 
quart 
Vv thi 
type of lens when received. 

On both instruments this lens has been plge, 
in the sliding piece carrying the stray enery 
filter, so that it can be moved in or out at y 
and no plate or lens has been left over the exit sjis 
This is to the slight multiple-reflect; 
error obtained with the quartz plate or lens 
use when a glass sample is measured relative to 
blank beam. For a nonabsorbing glass samp 
of index 1.7, the error in 7, 
amounts to about 1 percent, the value obtaine 


avoid 


by measurement 
being too high. When solutions are measure 
relative to solvents in similar cells, or when o 
glass is measured relative to another, this effe 
importance. Furt! 
troubles originating in the quartz plates are di: 


is usually of negligible 


cussed below. 


3. Stray Spectral Energy 

Stray light can readily be perceived by looki: 
directly into the exit slit of the instrument at : 
region of low luminosity—for example, below 4: 
or above 700 my. Likewise, in the spectral regi 
to which the phototubes are relatively insensitiy 
stray energy from the rest of the spectrum may 
present in important amounts. It should 
noted that, with the usual type of cesium ox 
phototube, the response obtained from 1,200 | 
2,000 mz on the Beckman spectrophotometer 
produced almost entirely by stray energy. En 
mous errors may be obtained if the instrument 
used at scale settings nominally in this region 

One stray-energy filter is supplied with ea 
This is 


dense purple glass, transmitting the ultraviol 


instrument, as already indicated 


freely and absorbing the visible strongly, and 


recommended, should always be used wh 


the incandescent source a 
A similar (blue) filt 


for the region from 400 to 500 muy is advantageo 


measurements with 
being made below 400 mu. 


for some work. 
of transmittance 
with 


In this region, erroneous values 
0.001 to 0.005 may be 
nonfluorescent 


from 


obtained yellow — seleniul 
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\ Ut 
This xample shows that the importance of stray 
wergy depends not only on the spectral region 
also on the type of glass or solution being 
yeasured. This is further mentioned below in 
onnection With the measurements made on the 
obalt-blue spectrophotometric standard. Addi- 
sonal slides have been purchased for holding 
sray-energy filters of varying type, which may 
» inserted at will in the instruments. 
To avoid multiple-reflection errors, the stray- 
nergy filter should’ be mounted with surfaces 
clined somewhat to the plane of the sample being 


measured. 
4. Measurement of Fluorescent Samples 


In spectrophotometers where the radiant energy 
: dispersed before incidence upon the sample, an 
ror of measurement may occur with fluorescent 
amples. For example, if energy of wavelength 
550 mu excites reddish fluorescence, this fluores- 

nt energy is incident directly upon the phototube 

d adds to the photocurrent excited by the nor- 
ally transmitted or reflected energy at 550 mu. 
ihe magnitude of this error depends on the ratio 
{ fluorescent to incident energy and on the rela- 
ve sensitivity of the phototube to the incident 
nd the fluorescent energy. 

The error is apparently never very large in trans- 
lission measurements the fluorescent 
nergy is emitted throughout the whole spherical 
wlid angle, and only a small fraction of it is inei- 
If of importance, the 


because 


lent upon the phototube. 
rror can be reduced by placing the sample as far 
from the photocell as possible and by the use of 
vlective filters transmitting the incident energy 
and the fluorescent energy 
strongly. The error is of much greater impor- 
tance in the spectral reflection measurement of 


freely absorbing 


diffusing samples, because here the angle of the 


fluorescent energy accepted for measurement 
bears the same ratio to the full hemispherical 


angle as does the reflected spectral energy itself. 


Ill. Other Instrumental Characteristics 


A matter of interest and importance in the use 
of any spectrophotometer is the relative spectral 
response of the receptor and the spectral purity 
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of the radiant energy transmitted by the exit slit 
under normal working conditions. The former is 
of importance in connection with study or elim- 
ination of errors resulting from stray energy, and 
the latter is of importance (along with other 
factors) in any the absolute 
accuracy of spectral-transmission measurements. 

Information on both of these points is given in 
the paper by Cary and Beckman. In their figure 
4 the relative photocurrents for nominal band 
widths of 3 my are illustrated, and in their figure 9 
are given the minimum spectral band widths that 
permit scale readings to 0.1 percent. For the 
Bureau instruments it to know the 
relative spectral response of each phototube when 


consideration of 


was desired 


the slits are kept at a constant mechanical width 
and to determine the spectral band widths trans- 
mitted by the exit slit over the whole wavelength 
range under normal working conditions, this latter 
amounting to a check of Cary and Beckman’s 


figure 9. 


1. Spectral-Response Curves 


The relative response curves were obtained for 
each phototube with the incandescent illuminant 
in normal operation. With the selector dial set 
at “‘1” the slits were adjusted to give a reading of 
100.0 at the wavelength of maximum response for 
cell. Readings on the photometric scale 
were then made at the 
through the spectrum, continual check (and slight 
adjustment if necessary) being made to keep all 


each 


various wavelengths 


readings truly relative to 100.0 at the respective 
wavelengths of maximum response. When the 
relative response fell to about 10.0 the selector 
and the readings were 
The results are 


dial was changed to “.1”, 
made to one more decimal place. 
shown in figure 3. Readings were taken at every 
2 or 10 mg, as there shown. The data for the 
blue-sensitive phototube were obtained with the 
1943 instrument; those for the red-sensitive photo- 
tube with the 1945 instrument. Data obtained 
with different phototubes are of course somewhat 
different, but those shown are considered typical. 
It may be repeated that these data are for con- 
stant mechanical slit width and are not corrected 
for dispersion of the prism or other selectivity 
within the instrument or for energy distribution 


of source. 
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2. Polarization Effects 


It be noted that some of the curves of 
figure 3 are smooth and typical of the response 
curves ordinarily obtained with phototubes of 
kinds with illuminant and 


prismatic dispersion. The other curves, however, 


may 


these incandescent 
are characterized by ripples superposed on the 
response curves. This is shown by curves | and 3 
of figure 3. 

The primary factor causing these ripples is the 
quartz plate over the entrance slit. This plate 
on both instruments was found to be cut with its 
faces parallel to the optic axis of the quartz 
crystal.” When such a plate is placed between 
polarizing elements and oriented so that its axis 
is not parallel with that of either of the polarizing 
the of 
dark bands regularly The 
conspicuousness of these bands depends on the 


elements, spectrum contains a number 


spaced throughout. 


degree of polarization of the polarizing elements 
and on the deviation of the optic axis of the quartz 
plate from the polarization planes of these ele- 
ments, being greatest if at 45° to both of these 
planes. 


The following explanation of the effect is given 


by R. W. Wood. 


When plane polarized light is 


Determinations made by F. P. Phelps of the Bureau's Polarimetry 


Section, from whom helpful advice in this connection was received 


passed through a doubly refracting « 
plate cut parallel to the axis, “‘it is reso 
two components vibrating at right a 
each other which traverse the plate with 
velocities and consequently emerge with 


Stal 
ed | 
gles 
iffer 
phi 
difference depending on the thickness of tle p 
the phase-differ, 
of the emergent components depends not , 
on the thickness of the crystal plate but also on 
wavelength of the light, consequently if wi 
light is employed the state of polarization of 
transmitted light varies as we pass along 


. Owing to dispersion 


spectrum, and if a plate of moderate thicknes 
used and the light is passed through a Nicol , 
into a spectroscope, the spectrum will be fo 
to be furrowed by dark bands which repres, 
the wavelengths quenched by the Nicol.” * 

In the present instance the polarizing eleme 
appear to be (1) the incandescent filament its 
(which may give up to 20-percent polarization 
modified possibly by elliptical polarization by | 
two mirrors, on one side of the quartz plate, 
(2) the refracting surface of the dispersing pris 
on the other side. 


* Physical optics, The Macmillan Co., 
1934). 


*A. G. Worthing, Deviation from Lambert's law and polarizatior 


kl ed., p. 349 New York. N 


emitted by incandescent tungsten, tantalum, and molybdenum and ct 
in the optical constants of tungsten with temperature, J. Opt 


635 (1926). 
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Ficure 3. 


Spectral-response curves of phototubes in a Beckman spectrophotometer. 


These are as obtained, relative to 100.0 at the respective maxima, for constant mechanical slit widths and with no corrections for energy distr 


of source, dispersion of spectrometer, or other factors affecting the selectivity 
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the ripples in the sensitivity curves are not 
sent if (1) the quartz plate is oriented with 
axis at O° or 90° to the polarizing plane of the 
ersing prism, (2) the plate is removed from 
instrument, (3) a quartz plate cut, perpen- 
Jar to the axis is used over the entrance slits, 
{) a glass plate is used over the entrance slit. 
quartz lens or plate in the upper beam (re- 
less of how cut) has no appreciable effect on 
sensitivity curve at any orientation; in this 
. the quartz is not between polarizing elements. 
The band effect can readily be seen if the quartz 
ie (faces cut parallel to optic axis) is taken out 
the instrument and examined between polariz- 
-elements with a hand spectroscope. One of 
polarizing elements may be the sky or a bare 
ygsten filament. The filament of the incan- 
cent source of the Beckman spectrophotometer 
thus demonstrated to be giving off partially 
light. prism of the 


Narized The dispersing 


ad spectroscope is the second polarizing ele- 


at. Of course, the effect is far more pro- 
need if the elements are two 
aroids or nicols. 


polarizing 


With reference to figure 3, again, curves 1 were 
tained soon after the receipt of the respective 
struments. In both cases the entrance quartz 
ite had not been disturbed before the data were 
ken, and it would appear from the magnitudes 
the ripples that each plate had been mounted 
ith its axis approximately at 45° to the polariz- 
z planes of the dispersing prism and lamp 
ment. The other curves of figure 3 were ob- 
ined later, curves 2 with the entrance quartz 
ite removed, curves 3 with it reinserted at the 
position. It may be noted, incidentally, that 
rves 1 and 3 (“‘blue” cell), which check closely, 
ere obtained with different phototubes; curves 
ind 3 (“red”’ cell), which show change of sensi- 
ity, were obtained with the same phototube 14 
nths apart. 
lt was at first thought that the ripples shown in 
ure 3 were of no particular importance. How- 
ver, When measurement of the spectral transmit- 
ance of polarizing materials was attempted, it 
is found that the ripples were caused by some 
vlarization phenomena, and could no longer 
The effect was accordingly investi- 
as partially described above. It is un- 
eessary to consider all the data obtained, 
it it is worthwhile to point out some of the 


ignored. 
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results obtained if due precautions are not taken. 

For example, in figure 4, top, is shown (1) the 
“transmittance” curve obtained on a polarizing 
goggle inserted in the carrier of the Beckman 
spectrophotometer at random orientation '° and 
with the entrance plate of the instrument at 
unknown orientation. From 570 to 600 my are 
shown also (2) the maximum and minimum values 
of “‘transmittance’’ obtained by turning the 
goggle in its own plane (90° apart), and (3) the 
Gibson 


corresponding values obtained on the 
photoelectric spectrophotometer (with Hilger con- 
stant-deviation glass prism). Similar ripples have 
been noted in the transmission curves of polarizing 
materials obtained by with Beckman 
quartz spectrophotometers. 
The effect was studied at 
measuring the “transmittance” of a 


others 


some length by 
Polaroid 
sample, these measurements more or less parallel- 
ing in time those from which the sensitivity curves 
were obtained, as described above. Some of the 
data are presented in the lower half of figure 4. 

In figure 4 A, the quartz plate over the entrance 
slit is placed with its optic axis at 45° to the slit, 
and no plate or lens is over the exit slit. The 
angles shown beside the five curves in A refer to 
various orientations of the polaroid. In the 0° 
position the electric vector of the radiant energy 
transmitted by the Polaroid is in the vertical plane 
parallel to the slits and the refracting faces of the 
dispersing prism. At + 45° and —45° the Polaroid 
is turned at 45° from the 0° position. At +90° 
and —90° the Polaroid is turned at right angles 
from the 0° position. 

In B and C, figure 4, the quartz entrance plate 
has been turned so that the optic axis is respec- 
tively horizontal and vertical, the angles on the 
graphs indicating the same respective orientations 
of the Polaroid as before. No plate or lens is over 
the exit slit. 

In D, figure 4, the quartz entrance plate has 
been removed, and there is no plate or lens over the 
exit slit. For comparison are shown (the large 
crossed circles) the corresponding values obtained 
on the Gibson glass-prism spectrophotometer. 

In E, figure 4, the quartz plate is still removed 
from the entrance slit but has been inserted over 
the exit slit at the 45° position. Data were also 
obtained with the quartz plate over the exit slit 
oriented at 0° and 90°. At 0° the curves obtained 


i” The shape and size of the sample did not permit of orientation at 45 
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were similar to the Beckman (small circle) curves 
of figure 4,), with about the same total spread. 
At 90° the curves were similar to those of figure 
4,C, but with a total spread of only 0.02. 

The following comments may be made regarding 
the data of figures 3 and 4. 

1. The conditions causing the ripples of figure 
3 are the same as those causing the worst distor- 
4,A, measurement of the 
It is prob- 


tions, figure during 


transmittance of polarizing samples. 
able that the entrance quartz plate was close to 
the 45° position when the data shown in the top 
half of figure 4 were obtained. 

2. Complete elimination of the trouble is effected 
by removing both quartz plates (or plate and lens) 


over the entrance and exit slits, figures 3 and 4,D. 

3. Residual effects not apparent in the sensi- 
tivity curves may be found (by means of the 
Polaroid) under other than 45° orientation of the 
entrance quartz plate (cut parallel to the optic 
axis). Such residual effects are shown in figures 
4,.B and C, and in other data not given. In this 
connection it should be pointed out that the angles 
indicated in figure 4 were rather crudely deter- 
mined, particularly the angles at which the quartz 
oriented. They are subject to an 


plate was 


uncertainty of at least +5°. Whether 
example, the “ripples’’ of figure 4, 
would be eliminated by more exact 0 
positioning was not investigated. 

4. With both quartz plates removed 
possible in the measurement of a | 
sample at random orientation appear n 
instrument. 


than on a_ glass-prism 


figure 4,D the total spread of about 0.02 on tj 


Beckman as contrasted with the spread of abo 
0.11 on the Gibson instrument. 
edly largely due to difference in the angle at whj 


This is Ul douh 


the radiant energy enters and leaves the respect 


quartz and glass prisms at 530 my on the twd 


instruments. 
Many of these results were shown to Mr. (a 


(see footnote 4) in November 1946, who indicate 


that the entrance plates and the exit lens , 
plate were cut from wastage material remainiy 


from construction of the quartz dispersing prisms 


and that the optic axis in these plates may 


parallel or perpendicular to the faces or at angl 


in between. Accordingly, other users of t! 


Beckman may or may not have been bothered }y 


As, in tl 


the effects shown in figures 3 and 4. 


past, these plates have thus been cut at various 























Figure 4.—Effect on the measured “‘transmittance’’ 


engin, mp 


of polarizing materials caused by a quartz plate cu 


optic azis parallel to surfaces when placed before entrance or exit slit at various orientations (for explanation, see tea 
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the optic axis and apparently inserted 
m, it seems well to state the following 


No trouble has been experienced and no 
rs detected relating to this effect, except in 

» measurement of polarizing materials. 
»2 To avoid important errors in the measure- 
ent of polarizing materials, the entrance quartz 
jate has been removed and the exit quartz lens 
ie ised only when it is necessary or desirable to 
ndouh llimate the beam (as when measuring thick 

ples or in reflection work). 

One can readily study the effect on his 
ystrument by carrying out measurements similar 
those shown in the lower half of figure 4. By 
yeasuring the transmittance of a polarizing sample 
range of 


at Whi 
Spectiy 


t! e tw 


various orientations over a_ short 


dicate; ° . 
yavelengths, the effect can be quickly found if 


lens ( 
resent 
nainiy e 


3. Spectral-Purity Data 


prisms 
nay ba ’ 
[he spectral purity—that is, the extent of 


ang , ; . 
wetrum transmitted by the slits as vormaily 


of ti 


red pygeed—was obtained as follows: For any given set 


ry f conditions (source, filter, phototube), with the 
variondll Sebsitivity”’ dial set three turns counterclockwise 
from extreme (as recommended in the instructions), 


“check” 


scale), the slit 


d with the selector switch set at 
quivalent to 100.0 on the “1” 
vidths in millimeters necessary to obtain a balance 
determined. The 
echanical slit widths so determined were then 
iltiplied by the values of millimicrons per milli- 
eter supplied by the manufacturer. 
The results are shown in figure 5. 


the galvanometer were 


These values 
vere obtained on the 1943 instrument. Values ob- 
med on the second instrument are somewhat 
greater but otherwise similar. In either case the 
ilues are comparable with those illustrated by 
Cary and Beckman in their figure 9. 

These slit widths are in general smaller, in some 
ases much smaller, than are usually practicable 
vith commercial instruments and comprise one of 
the major advantages of the Beckman spectro- 
hotometer for certain types of work. It is pointed 
ut by the makers of the instrument that still 
smaller slit widths may be used if the 100-percent 
eading is made with the selector switch set at 
|" instead of at “check”. The sensitivity is, of 
ourse, decreased under this condition. 

The narrowness of the slits makes unimportant 
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for much work the fact that the operator of the 
instrument is limited in his freedom to set the slits 
at any desired width, and in normal operation they 
will vary as shown in figure 5. 
for example, essentially the same result will be 
obtained whether the slits have widths equivalent 
to 1 or 2 mu. However, with many of the rare- 
earth glasses or solutions, this is not true. Al- 


For most materials, 


though, in general, the narrower the slits the more 
nearly will the measured transmission value ap- 
proach the true transmission value, even on the 
Beckman 
enough to make such further change negligible 


instrument the slits are not narrow 
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FiGuRE 5. 
by the slits of a Beckman spectrophotometer under normal 


Approximate amounts of spectrum transmitted 


conditions of operation. 


\, Hydrogen, new; A, hydrogen, 6 hr operation; ©, incandescent, “blue"’ 


li, with filter , incandescent, ‘“‘blue”’ cell , incandescent, “‘red"’ cell 


with these materials. _ This is of considerable 
importance in chemical analytical work. 
work, in comparing results on different instru- 
ments or in analytical work with any instrument, 


In such 


it may be more important that the results be ob- 
tained at known slit widths than that these widths 
be as narrow as possible. 


IV. Wavelength Calibration 


The wavelength scale of the Beckman spectro- 
photometer provides direct reading in millimicrons. 
Because of the variable dispersion incident to all 
prism spectrophotometers, this results in greatly 
varying lengths of the intervals on the scale repre- 
senting any given number of millimicrons as the 
spectrum is traversed from the ultraviolet through 
the visible and into the infrared. On the Beck- 
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man spectrophotometer the smallest scale division 
is equal to 0.5 mu from 200 to 300 mu, 1 my from 
300 to 400 my, 2 mu from 400 to 600 mu, and 5 
mu from 600 to 2,000 mu. 
out elsewhere, the sensitivity of the phototube 
does not permit reliable measurement above 1,200 


(However, as pointed 


my, approximately.) 


On a direct-reading spectrophotometer two 
types of wavelength checks should be considered 
if the greatest accuracy with the instrument is to 
On the Beckman instrument 
of these checks relates to adjustment of the inter- 
nal screw (reached from the left end of the instru- 


ment) that rotates the collimating mirror and 


be obtained. one 


enables the whole wavelength scale to be brought 


into approximately correct adjustment. Such 
a check, or adjustment, should be made when the 
instrument is received and as often thereafter as 
With the 
instruments considered in this paper the Hg green 
line (546.1 
this check. 

The second check on the wavelength scale re- 
the that 


present when the best average adjustment has 


may be found necessary or desirable. 


mu) has proved very satisfactory for 


lates to small residual errors may be 
been made by means of the adjustment screw. 
These errors cannot easily be eliminated and, if 
they are large enough to be of importance, they 
should be allowed for in setting the wavelength 
scale. 

Four light sources have been used in the wave- 
the 


quartz-mercury lamp supplied with the Beckman 


length calibration of the instruments: (1) 
spectrophotometer if desired, (2) the hydrogen 
are, also supplied with the instrument if desired, 
(4) a 


(3) a helium lamp (vacuum tube), and 
similar neon lamp. 

A calibration technic was employed that gave 
scale corrections always on the basis of correct 
adjustment (zero error) at 546.1 my. In effect, 
settings with this Hg reference line were made 
before and after the settings with each of the 
numerous other lines of the various sources, 10 
settings being made on each. Any deviations of 
the settings on the reference line from the correct 
value of 546.1 were allowed for in determining the 
for the In making this 


allowance the relative variable dispersion of the 


deviations other line. 


prism (as represented by the millimicrons-per- 


millimeter slit-width curve supplied by the 


makers) was taken into account. 
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The scale corrections thus obtained ; V. 
in figure 6 for the two instruments. 
noted that the Hg green line at 546.1 (t! 
point) has zero correction in both plots 


\ cl 
photon 
wor i 
In studying these correction curves t! LooetN 
micron equivalent of 0.1 scale division s| | 
noted; this is shown between the two co 
This equivalent is also 
the precision of the settings; not 


curves. import 


affecting 
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Figure 6.—Residual wavelength corrections found on 


Beckman spectrophotometers after adjustment of each 


strument to have zero correction at 546.1 millimicrons 


, Hg; He Ne; H; X, Ref 


cularly the difference in precision above and belo 
600 mu. 

These data are published with the thought tha 
they may serve to inform others of the magnitudes 
of the wavelength errors to be expected on tl 
Beckman spectrophotometers. They are so smal 
that they may probably be neglected in most work 
for which used. They al 
likewise so small that they can be determined onl 


the instruments are 


by the most careful work and after installing t! 


auxiliary indicator line over the wavelength sca! 
On the othe! 


(see p. 604) to eliminate parallax. 
hand these errors are large enough to be importan! 
in much of the Bureau’s work, particularly whet 
standardization is being done. 

Whether or not the detailed check illustrated 1! 
figure 6 is made, it may be emphasized that check 
should often be made on some reference line to 
not 


insure that gross wavelength errors hav: 
developed. 
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y. Check of the Photometric Scale 


4 check of the photometric scale of a spectro- 
photometer independent of all other sources of 
ror is difficult or impossible to make on most 


setrophotometers. Useful for this purpose 
sould be a series of samples whose respective 
wansmittances do not vary with wavelength, 


shich will not displace the beam, and for which 
he transmittances can be independently deter- 
»ined with high accuracy. No such glasses or 
ther materials are available, however. 

On a visual spectrophotometer such a check is 
ssible by means of rapidly rotating sectors. If 
sch sectors are properly made, the fraction of the 
tal opening relative to 360°, that is, the effective 
ransmittance of the sector, can be measured on a 
reular dividing engine with uncertainties only in 
e fifth decimal place. Of course, the use of 
sich rotating sectors is based on the validity of 
lalbot’s law. Throughout the spectrum, no cer- 
win deviations from this relation are known, how- 
ver. Asa matter of fact, average values obtained 
transmit- 


ee 


wer a period of years in measuring the 
tances” of accurately calibrated rotating sectors 
the NBS K®6nig-Martens spectrophotometer 
rove both the validity of Talbot's law at various 
ivelengths and the reliability of the instrument 
er most of the photometric scale, or else there 
sa remarkable balancing of errors. 
On photoelectric spectrophotometers, however, 
least the ones considered in this paper, the use 
rotating sectors to check the reliability of the 
hotometric scale is either impossible or attended 
vith too much uncertainty for one reason or another. 
Accordingly, shortly after the advent of com- 
ercial photoelectric spectrophotometers, the 
National Bureau of Standards instituted the serv- 
ce of issuing glass standards of spectral trans- 
To date, about 80 of these filters 
have been issued with accompanying certificates. 
Three of the four types of filters used for this 
purpose are of moderate selectivity, covering a 
arge part of the transmittance range from 0.00 
to 0.90 at various wavelengths. A single filter 
thus covers a considerable part of the transmit- 
tance scale. In one sense these are inferior to 
strictly neutral filters in that a deviation from the 
true value may be due to other causes than in- 
«curacy of the photometric scale. On the other 


mittanee,!! 





k Gibson, Geraldine K. Walker, and Mabel E. Brown, Filters for 
he reliability of spectrophotometerts, J. Opt. Soc. Am. 24, 58 (1934) 
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hand, they are superior to the neutral filters in 
detecting stray-light, slit-width, and gross wave- 
length errors. 

One of the four types of filters used for these 
spectrophotometric standards is a fairly dense 
cobalt blue glass, designated as Corning G55A. 
(This glass is also known as Corning Signal 
Purple, present catalog designation 5551.) The 
30-mm disks cut from the original roundel were 
recently exhausted, and it became necessary to 
prepare new samples from a new roundel. This 
of course required an extensive series of measure- 
ments in order that values of transmittance might 
be determined with satisfactory certainty. (After 
basic values are thus determined for selected disks 
from a given roundel, values of spectral trans- 
mittance for other disks cut from this roundel can 
be determined with much less labor, as noted below). 

About the time that these measurements were 
necessitated, the Beckman spectropho- 
tometer was received. It was decided that an 
excellent opportunity was thus presented for (1) 
making a fairly thorough check of the reliability 
of transmittance measurements made on the 
Beckman spectrophotometer as it was received 
from the manufacturer, and (2) if no consistent 
errors appeared to be present in the Beckman data 


second 


thus obtained, increasing the over-all reliability 
of the basic spectral-transmittance values for the 
new glass disks. Only three things were done to 
the second Beckman instrument for these meas- 
urement—the quartz lens over the exit slit was 
removed to eliminate multiple-reflection errors, a 
careful check of the wavelength calibration was 
made after installation of the second indicator 
line, and the temperature-control sample holder 
constructed at the Bureau was used, all as previ- 
ously noted. 

Corresponding work with the first Beckman 
spectrophotometer received in 1943 had not been 
done for two reasons: (1) the urgency of other work 
made it impossible to devote the necessary time 
for such measurements as long as the original sup- 
ply of spectrophotometric standards held out, and 
(2) trouble was experienced in readings obtained 
with the cesium-oxide phototube, particularly at 
low transmissions, in that there was excessive and 
erratic “creep” of the galvanometer needle, and 
a definite and trustworthy reading at these low 
Chang- 
trouble. 


transmittances could seldom be obtained. 


ing phototubes did not remedy the 


611 





Similar trouble was not experienced with the 
cesium-antimony phototube or with either photo- 
tube circuit on the new instrument. 

Among the many disks cut from the second 
G55A roundel, designated as G55A8, were two 
which were identical in spectral transmittance, 
and a third which was also identical over part of 
the range. The identity of these spectral trans- 
mittances was established within about 0.1 per- 
cent of the transmittance by comparative meas- 
urements on the Beckman spectrophotometer. 

Measurements were accordingly made on each 
of these glasses by each of the authors, on the 


TABLE 1 


Values of transmittance as measured with the 


Beckman, the Kénig-Martens visual 
Gibson photoelectric “ spectrophotom: 
at the various wavelengths in the visible 
table 1. The temperatur 


sample was kept at 25° C for all the measu 


indicated in 
so that this source of variation or uncerta 
eliminated.'* 


2H. J 
reflection measurements, BS J. Research 1, 703 (1928) RP30 


MeNicholas, Equipment for routine spectral trar 


'K. 8. Gibson, Direct-reading photoelectric measurement 
transmission, J. Opt. Soc. Am. & Rey. Sei. Instr. 7, 693 (1923 

‘The General Electric recording spectrophotometers were 
this standardization of the G55A8 glass because (1) no tempera 
has been devised for use on these spectrophotometers, and (2) th: 
are undesirably large for this type of work 


Beckman, Kénig-Martens, and Gibson spectrophotome 


Sample: Corning G55A8 of 3-mm thickness; temperature: 25° C 


Beckman 


Stray 


K 6nig- Martens Gibson 
Adopted |) Omput 
values of | “UB ern 


Wave- 
length 


Number a veren { tran 4.0% 
e . of trans 
Average of deter e A verage probable 
trans- trans Mmittance 
mina deviation mina deviation) mina deviation error 
mittance mittance mittance 
tions tions tions 


ig? » > 
light Number Average Number 


filter | of deter trans. Average of deter A verage 








0. S049 
xUOY 


l Incandescent 
{..--do 
Mercury S824 
Incandescent ANUY 
do 
Mercury 8050 
Incandesct 845 


~—_— 


61l4 


““ZA“AZLZAZZZ < 


Incandesee 


3406 
do 


| do 
| Helium 
Incandesce 


2430) 


ZZ4Z 


0905 


4ZA4ZZEZ 


0805 
0335 
(332 
O46 
0271 


ODS! 


do 
{ Mercury 
| Incandesce 
do 
{Mercury 
{Incandesce 
Oo75 
(. #72 
(.0106 
0130 
0006 
0100 
(0084 
0100 


ZAZZRZZGZZZAZZAMAZZAZZZ 


Oo70 
OOS! 
0338 


136 
$42 


7136 0047 
S444 ool4 
OO15 OOO 


* Rotating sector used in blank beam 


0). 08976 oo1g 


0010 


0005 
0. 8043 0.0011 


6064 

ool2 
$4.38 

0010 
2435 

ool4 
0916 
0310 } 0006 
03355 

0004 
0630 00018 } 0005 
02723 OOOLS (. 0004) 


00743 OoO12 


01003 oootl 


0100 


Values in parentheses were not used in deriving the adopted values of transmittance nor in computing the huge errors 
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1M puted 


table 1 given for each of the three 
¢ruments, at each of the respective wavelengths, 
nunber of determinations of transmittance 

ide, the average value of the transmittance so 
gsured, and the deviation of each 
ation from the average value. On the 


Lman and Gibson spectrophotometers, each 


are 


‘erage 
average 


q 
wrmination consists of two or more readings 
thseparate wavelength settings. On the Koénig- 
lartens spectrophotometer a determination is 
rived from 20 photometric settings, 10 with 
sample in each beam. In columns 2 and 3 
in the footnotes are indicated certain experi- 
ntal conditions pertinent to the determinations. 
the last two columns are given the basic values 
transmittance adopted from the measurements 
the NBS standard glass, together with the 
15 


we error’ (4.9 times the probable error) " as 


mputed from the deviations of the several 
~parate determinations from this adopted value. 
Sight or more determinations always entered into 
e computation of this huge error. 

In a consideration of the data of table 1, the 
lowing points should be noted: 

|. The 


otometers 


Kénig-Martens and Gibson §spectro- 


were used in the usual routine 
inner. 

2. As part of the purpose of these measurements 
as a test of the Beckman instrument, measure- 
ents were made at all wavelengths. On the 
her two instruments measurements were not 
ade at those wavelengths which long experience 
This 
viously applies to the violet and red ends of 
with the Kdénig-Martens visual 


For this type of glass with 


as indicated to be relatively unreliable. 


the spectrum 
sper trophotometer. 
he Gibson spectrophotometer it applies to the 
from 600 to 660 mu, where the trans- 
is extremely low stray energy 
enders the relatively this 
stray-energy error is believed to affect the values 


egion 
and 
unreliable: 


lttance 
values 


or this glass measured on this instrument at 578 
ind 667.8 my also. 

}. The same sort of error is apparent in the data 
btained with the Beckman spectrophotometer in 
the region of very low transmittance with this 
glass, though apparently to a less extent. In 


oth instruments this is the region in which the 


field Merriman, A textbook on the method of least squares, 8th 
p. 205 (John Wiley & Sons, Inc., New York, N. Y., 1915). Peter's 


1ation formula was used to compute probable errors 


Beckman Spectrophotometer 
742478—47 


“blue sensitive’ and the “‘red sensitive’ photo- 


tubes give about the same response—near 590 
mu on the Gibson and near 625 my on the Beck- 
man. Normally, in either case the phototube 
giving the greatest response is used in the measure- 
ments. For most types of samples either instru- 
ment, with the appropriate phototube, will give as 
accurate results through this region as at other 
regions. With this glass, however, for which the 
transmittance being measured is very low and for 
which the transmittance is high at those spectral 
regions in which the phototube is much more 
sensitive, the freely transmitted stray energy from 
these regions may produce an important error. 
On the Beckman spectrophotometer this was 
checked by the use of stray-energy filters—Corn- 
ing 2424 with the “‘blue sensitive” phototube from 
600 to 640 mu and a Corning medium Aklo with 
the “‘red sensitive’’ phototube from 620 to 640 
mu. lt that trans- 
mittance is lowered and on the average comes close 


to the values obtained with the Kénig-Martens 


can be seen the measured 


spectrophotometer. 

4. The three instruments for which data are given 
in table 1 differ in the number of decimal places 
which can be obtained in the transmittance, 7. 

(a) Values of 7 on the Gibson spectrophoto- 
meter can be read to only 0.001, or at most 0.000;. 
However, this reading is definite as a vernier is 
provided on the reading scale of the rotating 
For low the number of 
significant figures is therefore limited, and the 


sector. transmittances 
fourth decimals given in the table result simply 
from the averaging. 

(b) On the Beckman instrument, values of 7 
can be read to 0.001 by estimating tenths of a 
division, or on the same dial to 0.0001 for values 
of transmittance less than 0.11 if the selector dial 
to “.1". This greatly facilitates making 
the reading, but otherwise there appears to be 
little gain in the use of the magnified scale. 


is set 


Slight and erratic ‘‘creeping”’ of the galvanometer 
often makes it uncertain when the best reading is 
obtained. The authors have been able to obtain 
the precision indicated by the average deviations 
shown in table 1 for these low values only by 
consistent checking of the ‘‘off”’ reading, bringing 
the transmittance reading to such a value that the 
galvanometer position is identical for the two 


juxtaposed readings. 

















(c) On the Koénig-Martens spectrophotometer, 
the photometric settings are read to tenths of a 
degree (by vernier if desired) and transmittances 
computed by the cot The normal 
number of significant figures is three for transmit- 


tan relation. 


tances greater than 0.10, although four are often 
kept temporarily. When the “10%” sector (7 

0.09945) is the blank the same 
number of significant figures is obtained but the 


used in beam, 
uncertainty as represented by the average devia- 
tion has been moved to the fourth decimal place. 
With the “1%” sector (7=0.00883) there is 
another displacement of the significant figures, but 
the lowered brightness may result in slight uncer- 
tainty still in the fourth decimal. 

5. The precision or reproducibility of readings of 
the Beckman spectrophotometer, as judged by the 
average deviations, is comparable to that of the 
other instruments, except that the Kénig-Martens 
is better than either the Beckman or the Gibson 
instruments at the low values of 7), as already dis- 
It should be noted that each of the four 
to six determinations at each wavelength on the 


cussed. 


various spectrophotometers was made on a differ- 
ent day, this work extending off and on over a 
period of weeks. The reproducibility of either 
photoelectric instrument at any time 
wavelength setting is in general superior to that 
indicated in table 1. The Beckman is the most 
rapid of the three instruments, being somewhat 
superior in this respect to the Gibson and greatly 


one and 


superior of course to the Kénig-Martens (visual). 

6. No error in the photometric scale of the 
Beckman spectrophotometer can be demonstrated 
by the data of table 1 
may be noted: 


The following details 


(1) The consistent results 


by the Beckman and the Gibson spectrophoto- 


differences between 


meters at the shortest wavelengths are not repre- 
sentative of results always obtained on these 
instruments at these wavelengths. For example, 
see below in connection with the results of table 2. 

(2) Except at 390 and 404.7 my, the average value 
at each wavelength obtained on the Beckman 
either lies the the 
other instruments or agrees closely with one of 
them. 


between values obtained on 
This holds even at the low values at 620 
and 640 my when the stray-energy filters are used. 

(3) The use of the Hg source at the four wave- 


After 


a short warming-up period the lamp becomes 


lengths noted has proved very satisfactory. 
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steady. The slit widths are larger than wit) t} 
incandescent source, but this is of no con-sequey, 
as the light is homogeneous. It may note 
that in every case the values obtained \ ith 4 
Hg source are closer to the finally adopte:! yaly, 
than those obtained at the same way engt} 
with the incandescent source. The valves o} 
tained with the Hg source are not subject to way, 
length error or to as great a stray-energy erry 


TABLE 2. 
with the 


extensive 


Comparison of average tranemittanc: 
with those ad 


Beckmar Kor 


Beckman spectrophotometer 
from measurements on the 


Vartens, and Gibson 8 pe ctrophotometé rs 


Samples: Jena BG 14 (Green) and Corning HT (Yellow C), ea 
thickness. Temperature: 25° ¢ Measurements by Lois A 
Deviation of aver 
Adopted transmittance Beckman value 
adopted transmitt 
Wave 
length 
Cornin Cor 
a im Yellow a int Y 
my 
eo Oo. shi 0. 025 oO. 000 oe 
“4.7 877 020 000 x 
1m oo uw 
15.5 su “40 oon in 
471.3 Su sl ool OOK 
M1. ¢ SAU 208 ool om 
520 lf . 
430 760 379 ool ” 
46. 1 671 470 ool o~ 
wi) 5a 557 oo (wre 
578 473 636 ool OK 
7. His un 
a00 sho uy ool TT 
620 2h 731 ool 000 
40 187 747 OO O02 
non) a} Oo 
67.8 122 000 
Huo 75 “ 
710 O74 OO! 
720 748 x 
75) 057 730 000 Oo 
SOO 051 us 000 ooo 
S50 O57 000 
O00 072 il ool +. 001 
he 4 ooo 
1000 124 600 ool On 
(4) At all but the lowest transmittances, th 


values obtained on the Beckman instrument differ 
from the finally adopted values by amounts that 
(1) are less than the uncertainties of the adopted 
values, and (2) do not exceed 1 the 


value. 


percent ol 


7. The adopted values and huge errors shown 
in the table are similar to those certified on the 


G55A standards of spectral transmittance issued 


by the National Bureau of Standards, except 
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ith ¢} 1 in the certificates the huge errors are des- 
Quendiinated by the term “uncertainty” and are re- 


oted .o the same number of decimal places as 
transmittance itself. 

Value In further confirmation of the reliability of the 

enethmbhotometric Seale of the Beckman spectrophotom- 
rare results obtained more recently by Lois 

| Peterson of the Photometry and Colorimetry 

with two others of the NBS standards 


ctiol 
spectral transmittance, a Jena green glass and 


Corning yellow glass. The same spectrophotom- 
s were used as for the work on the blue 
ss standard just described, and the number of 
erminations, the uncertainties, and the various 
er factors entering into the measurements were 
comparable with those listed above. No stray- 
ergy filter was used on the Beckman except 
90 my. 
The results are shown in table 2, in which are 
ven for each standard (1) the adopted (usually 
average) values obtained as a result of the 
‘ensive measurements on the three spectro- 
otometers (except that the visual determina- 
ms do not extend beyond 435.8 and 667.8 x), 
2) the deviations of the average Beckman 
ies from these adopted values. Examination 
these data shows that there is no consistent 
viation of the spectral transmittances obtained 
the Beckman spectrophotometer from those 
tained on the other instruments. 
In addition to the general over-all reliability 
the Beckman demon- 
trated above, special note may be made of the 
recision and reliability with which two nearly 
lentical samples may be spectrophotometrically 
ompared. In this case the “100°” reading is 
taken with a standard sample in the beam (instead 
{with the beam blank or with a solvent cell in 
e beam) and the only condition that has been 
hanged to obtain balance is that the slits have 
heen widened. Of course, the lower the trans- 
littance the wider must the slits be for balance, 
it as this width will vary inversely as the square 
oot of the transmittance they will be only about 
() times the normal width when the transmittance 


spectrophotometer 


sas low as 0.01. 

For comparing two nearly identical samples 
such widths are not at all excessive. As a result 
| accurately calibrated standards are available, 
such as the three glasses to which reference has 
heen made above, the spectral transmittance of 


Beckman Spectrophotometer 


similar glasses may be determined in a very short 
time with an accuracy comparable to that of the 
standard, even for the very low transmittances. 
In other words, the comparison can be made with 
uncertainties of but 0.1 or 0.2 percent of the 
transmittance, regardless of whether this is near 
0.9 or 0.01. 

An additional important feature of these nar- 
row slits is that low transmittances can be deter- 
mined by a “‘step-down”’ procedure, in which, for 
example, a glass transmitting 10 percent may be 
measured and used as standard for a glass trans- 
mitting 1 percent, that in turn for a glass trans- 
mitting 0.1 percent, and so on. On the Beckman 
instrument the slits do not become excessively 
large in this procedure, 


VI. Conclusions 


On the basis of measurements made mostly on a 
Beckman spectrophotometer received in the Pho- 
tometry and Colorimetry Section of the National 
Bureau of Standards in 1945, it appears that the 
instrument is capable of precise and accurate 
measurement of spectral transmittance or trans- 
mittancy. This conclusion is based on measure- 
ments of the spectral transmittance of certain 
Beckman, the Kdénig- 


spectrophotometers. 


glass standards on the 
Martens, and the Gibson 
The measurements were limited to the spectral 
range from 390 to 750 mu, but there seems no reason 
to doubt the reliability of transmission data ob- 
tained on the Beckman instrument at wavelengths 
beyond this range—to approximately 1,000 muy in 
the infrared, and to either 320 or 210 may in the 
ultraviolet, depending on the source and phototube 
used in the instrument. 

On all three instruments the glass samples were 
kept at 25° C, being mounted in temperature- 
control boxes constructed at the National Bureau 
of Standards. The general statement of reliability 
given above is also dependent on careful check 
of the wavelength scale and on adjustment or cor- 
rection of any errors greater than about 0.1 my 
Furthermore, it applies only to values of trans- 
Below 0.02 


there is no demonstrated error in the photometric 


mittanece from 1.00 to about 0.02. 


scale, but definite reproducible results for values 
in this region have not always been obtainable. 
If the —log,7' seale is used, large uncertainties 


10 


may thus be present if values of the order of 


logioT’ Where possi- 


2.0 are being measured 
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ble it would be preferable to adjust solutions so 
that absorbancies greater than 1.0 or 1.5 need 
not be measured. 

The slit widths normally used on the Beckman 
spectrophotometer are believed to be less than 
those on any other commercial spectrophotometer. 
For spectral-transmission measurements these 
widths normally are such as to transmit from 0.5 
to 1.5 my of spectrum within the range 220 to 950 
my when the appropriate source and phototube 
are used. This feature of the instrument serves 
It enables the spectral 
transmission of samples having high selectivity to 


three useful purposes 


be determined with an accuracy unattainable with 
instruments having wider slits. It makes possible 
the precise and accurate comparison of nearly 
identical samples, even those having high absorp- 
tion, without the use of slits unduly wide. It 
makes possible the reliable determination of very 
low transmittances by a step-down procedure 
with samples of intermediate transmittance. 

As with any spectrophotometer the wavelength 
calibration should be carefully checked when the 
instrument is received and as often thereafter as 
may be found necessary. The mercury green line 
at 546.1 mu has proved to be a good reference line 
for adjustment purposes. When this wavelength 
is correctly adjusted, errors in the rest of the scale 
exceeding 0.5 my were not found on either of the 
instruments considered, except above 600 mu, where 
the dispersion is relatively small 

As with any single-dispersion spectrophotometer 
stray-energy errors will usually be present in the 
regions of low spectral response. The filter sup- 
plied by the makers of the Beckman instrument 
should always be used in the region from 320 to 
400 mg with incandescent source. Other filters may 
be desirable for certain types of transmission or 
for other special Multiple 
effects should be considered if errors less than | 


reasons reflection 


percent are considered important. 


The instrument is subject to error if a fliorese, 
sample is measured. The magnitude of this ory, 
will depend on the ratio of fluorescent t 


energy and on the inter-relation of the Otord 


neider 


sensitivity and the wavelength regions of exe; 
tion and fluorescence. If the fluorescent ene, 
is in the visible region, it can be det: " 
placing the sample in the beam and vi 
from above as the wavelength is varied throy 
the ultraviolet and visible regions. One can +) 
be forewarned. If the fluorescence is in 
ultraviolet, such error would be difficult to det, 


without special equipment for the purpose. | 


error can be much greater in reflection than 
transmission measurements. 

Care should be taken in the measurement of | 
transmittance of polarizing materials. Two effe 
may be noted. As with all prism instruments | 
energy transmitted by the dispersing prism | 
comes partially polarized. As a result, the val 
of transmittance obtained will depend on tly 
orientation of the polarizing sample being meas 
ured. A second and more serious effect may aris 
if the quartz plate over the entrance slit (and to ; 
much less extent the quartz plate or lens over tly 
exit slit) is cut with the optic axis parallel to th 
surfaces of the plate. Serious distortions of th 
transmittance curve may result, as shown 
figure 4. 

In conclusion, therefore, it may be stated that 
spectral-transmission measurements of high re- 
liability are obtainable on the Beckman quart 
spectrophotometer. To obtain such results, hovw- 
ever, one must take various precautions. T! 
instrument is convenient and rapid to use and 
covers a wavelength range not heretofore read 
available in a single instrument. 


Wasaiveton, March 7, 1947. 
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Mass-Spectrometer Study of the Rare Gases 


By Vernon H. Dibeler; Fred L. Mohler, and Robert M. Reese 


A study of the appearance potentials and isotope abundance of the rare gases has been 


made with a Consolidated Engineering Corp. mass spectrometer as a check on the operation 


of the instrument 


some new experimental values of ionization potentials have been obtained 


agreement of the isotope abundance measurements with previously 


The results are comparable to previously published data 


In addition, 
Generally, good 


published values 


obtained on other types of instruments and with chemically determined atomic weights, 


indicates a minimum of discrimination effects 


the rare gases were obtained and plotted against the atomic number 


The relative values of the ion currents for 


No simple relation 


between sensitivity and atomic number is evident 


I. Introduction 


\lass spectrometer studies of all the rare gases 


Bleakney [1],' and more 


’ Meas 
LV aris been published 
nd to ; ntly Stevenson and Hipple [2], have measured 
appearance potentials of singly and multiply 
arged ions in helium, neon, and argon. Nier 
Aldrich and Nier [4], and Vaughan, Williams, 


d Tate [5] have published accurate values of 


ver the 


sotope ratios of the rare gases. A survey of 
the rare gases with a Consolidated Engineering 
poration mass spectrometer was primarily un- 
taken by the authors as a check on the per- 
As the results sup- 


ment published work in several respects, and 


mance of the instrument 


a precision has been obtained that is com- 
rable with the best published work, it seemed 
th while to publish the results. The relative 
lues of ion currents obtained under similar con- 
tions in a series of gases having similar elec- 

structure but differing in atomic weight 
values of ionization 


of interest. Some new 


ntials have also been obtained. The ob- 
d values of the isotope ratios serve further 
rroborate accepted values of isotope ratios 
Some recent 
Washburn and 


berry [7] concerning discrimination in the ion 


d computed atomic weights. 


apers by Coggeshall [6] and 


ource indicate that this may appreciably influence 


served isotope ratios. In this connection, a 


n bracket 


comparison of the results obtained by different 
types of instruments is useful. 


II. Experimental Procedure 


The Consolidated mass spectrometer used in the 
present work has been described elsewhere IS]. 
Briefly, it consists of a tungsten-filament source 
of electrons, the energies of which can be con- 
trolled between 0 and 100 v by a wire-wound 
potentiometer and measured to + 0.5 percent by 
a calibrated voltmeter. The positive ions formed 
in the electron beam are drawn out by a fixed 
potential of about 3 v for appearance potential 
measurements, whereas a variable potential (ap- 
proximately 1 percent of the ion accelerating 
voltage) is used in the isotope abundance measure- 
ments. The positive ions are then accelerated by 
a variable electric field and deflected into 180- 
They 


are separately amplified by an electrometer tube 


degree ares by a suitable magnetic field 
and recorded by calvanometers. The recorder 
galvanometers in parallel with 
:3.:10:30. Thus 
the 8-in. photographic record has an effective 
width of 240 in. 


The appearance potential measurements wer 


contains four 


sensitivities in the ratios of 1 


made in the usual manner and evaluated according 
to the method of “initial breaks’’ described by 
Stevenson and Hipple [9], 


Whenever 


measurements were made at several different pres- 


possible, the isotope abundance 
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sures and values of electron energy and current 
Lack of discrimination in the apparatus was shown 
by indepedence of the abundance ratios of these 
values [3] 

The rare gases used in this investigation were 
portions of samples submitted to this laboratory 
for mass spectrometric analysis by the Bureau of 
Mines helium plants and the Air Reduction Sales 
Co. All were of greater purity than 99.5 percent 
by volume, the helium containing less than 0.1 
percent by volume of total impurity. 


III. Discussion of Results 


1. Ionization Potentials 


Figure 1 shows the initial portions of the ioniza- 
tion efficiency curves for the singly charged ions of 
helium and neon and the singly and doubly 
charged ions of argon. Their critical potentials 
are summarized in table | and compared with some 
previously reported data obtained both by electron 


fo} 
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Figure | Initial portions of the ionization efficiency curves 


for the ions Het, Net, A , and A**, 


he ordinate is arbitrary and different for some ions The middle scale of 
the abcissa applies to curves II and III rhe lower scale applies to curve I\ 
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impact and by optical methods. 

charged helium ion was not measured 
interference by HZ ion. The hydroge; 

sibly released from the interior surfac: 

mass spectrometer when helium was ad 
background runs showed no trace of H* | 

ion. To simplify the figure, the doubly 

neon curve is not shown. It has a very 
tensity with an attendant increase in err 
determination of the appearance potentia 
slope of the ionization efficiency curve for dou! 
charged argon continues to increase for approx 
mately 9 v after the initial break, whereas thal 
portion of the curve for singly charged argon 
about 2.5 v. This agrees with observations 
ported by Stevenson and Hipple [2]. The o 
served critical potentials are in good agreem 
with computed values in spite of the shape o 
the curves. 


TABLE |.—-Appearance potentials of singly and 
charged ions of the rare gases relative to A* 


{Appearance potential, volts] 


Optical 


Others 
sources* 


his paper* 


24.4¢+-0.2 

21.5:+0.1 21.540 

61.7 +2.0 2.7 B.0+0.5 
Net 

15.76 15.720 

4, 

43.6,+0.2 43.62 

13.964-0.1 14.009 

38.6 +0.2 38.6 [12] 

12. 1¢+0.1 12.138 


4.120.2 3.3 [13 


* Corrected scale, assuming J ( A* 15.76 ev 

>Bacher and Goudsmit, Atomic energy states (McGraw-Hill B 
New York, N. Y., 1932 Conversion factor 8,066 cm~' used to cot 
wave numbers to electron volts 

e Observed value is 13.4e+0.1 Vv 


_ Figure 2 shows the initial portions of the toniza 
tion efficiency curves for singly and doubly charge: 
ions of krypton and xenon. The plots for ki 
ion and Xe** ion are, like A** ion curved ovet 
range of 8 to 10 v beyond the appearance potenti: 


2. Isotope Abundance Ratios 


The measurement of the ratio of He*® to H 
beyond the range of the Consolidated mass spe 
meter, but has been measured by Aldrich and Nie! 
[4] as 1.7X10-*%. They used a mass spectro! 
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ficient resolving power to show that the mass 
was not HD. 
2 lists the neon isotopes and the percent- 
indance as determined in this laboratory 
Vaughan, Williams, and Tate [5]. The 


im deviation in the tables in this paper is 
“l only as an indication of the reproduci- 


ty of the measurements. The accuracy is 
eved to be of the order of 1 percent of the 
bundance for isotopic abundances greater than 
With the neon isotopic masses listed 


CURRENT 


percent. 
: Pollard [10] and converting from the atomic 

the chemical scale, a chemical weight of 20.18, 
-obtained. The aceepted value is 20.183 (Inter- 
tional Atomic Weights, 1947) 


PaBLe 2. Abundance of isotope s of neon 


I xewon* 
m Krveron* 
II xewow** 
Ty xrveron’* 


! 
| 


paper 0.5 9.2 
Menta Coviation ashe . _ a a a a ans 
wighan, Williams, and Tate 1ONIZING VOLTAGE (UNCOR) 
Figure 2.—IJnitial portions of the 
curves for the ions Kr*, Krt*+, and Xe**. 











ionization efficiency 


The ordinate is arbitrary and different from some ions The lower scale 


Table 3 lists the argon isotopes and their respec- 
to curves III and IV 


abundance. The comparative 


ve percentage oF he Chae gpa 
ata are again those of Vaughan, Williams, and 

[5], and the weight calculated from their 
The accepted value is 39.944. 


values give a weight of 83.81. The accepted 

alues is 39.95p. value is 83.7. 

The chemical weight computed from the abund- 
Abundance of isotopes of krypton 


nee and the isotopic weights given by Pollard [10] TABLE 4 


= 39.94b. 


TABLE 3. Abundance of rsolopes of argon 


Percent 


Percent Percent 
This paper 0. 36 . 25 17. 24 
Maximum 
devia- 
tion 
$ paper Nier [3 
laximum deviation 
ighan, Williams, and 
Pate [8] - aie , 
Table 5 lists the xenon isotopes and _ their 
respective percentage abundance. Again Nier’s 
[3] are included for comparison. The 


values 
abundance 


Table 4 lists the krypton isotopes and their 
values [3] converted 


abundance are also 


rather serious disagreement of the 
of mass 130 may be due to the lower degree of 


spectrometer 


respective abundance. Nier’s 
from relative to percentage 
included. The calculation of the chemical weight 
was made by using Aston’s isotopic masses of 
krypton [11] and gives the value 83.80. Nier’s 


resolution obtainable in the mass 
used in this work compared to Nier’s apparatus 
Assuming a packing fraction of 5.3 [11] and 
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converting to the chemical scale, a weight of 


131.32 is obtained. Nier’s values give 131.29, 


and the accepted value is 131.3. 


nee of isotopes of renon 


TABLE 5 Abunda 


124 


Per- | Per Per 
cent cent cent 
Thispaper | 0. 102) 0. 008 


Maximun 


> +0. 04 40.09 40.07 4 





3. Relative Ion Currents in Rare Gases 


These measurements on the rare gases afford 


an opportunity to compare the ionization sensi- 


tivity for elements with a wide range of atomic 
number but similar electron configuration in the 
outer shell. “Sensitivity” is defined as the num- 
ber of scale divisions of galvanometer defection 
per unit pressure (in microns) in the gas-inlet 
system. The sum of the deflections for all iso- 
topes has been used, as in this case we are not 


concerned with the partial pressures of the sepa- 














SENSITIVITY 




















30 40 


ATOmIC NUMBER 


divisions per micron 
sam ple press ¢ versus the tomic number for the s ngly 


harged ions of He, Ne, A, Kr, and Xe. 
ifes 


Ordir 


rate isotopes. The pressure in the j 

chamber is probably very nearly propo: 
the pressures in the inlet system. The 
electrons had an energy of about 70 y 

3 and table 6 give data on sensitivity 
atomic number. The results indicate th 
is not a simple relation between atomic 
and sensitivity. Instrumental discriminati 
slightly distort the relative values for light 
as compared with heavy ones, but the effect 
scarcely exceed a few percent. 

TABLE 6 Ton sensitivity of the rare gases as a 


the atomic number 
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Hydrocarbons in the 102° to 108° C Fraction of 


Petroleum * 


By Augustus R. Glasgow, Jr., Charles B. Willingham, and Frederick D. Rossini 


This report describes the analysis of the hydrocarbons in the 102° to 108° C aromatic-free 


fraction of petroleum, which is shown to be composed substantially of the following three 


ecmpounds (normally boiling at the temperature indicated) : 


1,1,3-trimethyleyclopentane at 104.9° C 


and 2,2-dimethylhexane at 106.8° C 


Ethyleyclopentane at 103.5° C 


The amounts 


of these three compounds in the original Ponea, Okla. crude petroleum are estimated to be, 


respectively O. 1.4, 0.36, 


I. Introduction 


continuation of the work of the American 
oleum Institute Research Project 6 at the 
tional Bureau of Standards on the fractionation 
analysis of hydrocarbons in petroleum [1],* 
< was completed on the resolution of that part 
he petroleum normally boiling between 102 
108° C. On the assumption that the possible 
ponents in the original crude petroleum are 
lrocarbons of the paraffin, cyclopentane, cyclo- 
vane, and aromatic series, the aromatic-free 
tion of petroleum of this boiling range could 
following three compounds. 
hvlevelopentane at 103.5° C, 1,1,3-trimethyl- 
lopentane at 104.9° C, and 2,2-dimethylhexane 
06.8° C, 


tain only the 


The earlier work in this laboratory 
on the material of this boiling range was 
capped by lack of the highly efficient means 


wrt of the work of the American 
nstitute Research e National Bureau of Standards 
Purification s of Hydrocarbons 
ted before the D m of Petroleum Chemistry of the American 
ety at the meeting at Atlantic City, N. J., April 1947 


e the first highly ef t analytical distillation of the 102° to 


gation was performed 


1 of petroleum was completed in this laboratory in 1942, the 


n the literature [2 listed 1,1,3-trimethyleyclopentane as 
ling at 115 to 116° ¢ riginally been expected, therefore, 
ompounds, ea ‘ rable, would appear in the distillate 
ompound appeared ormal boiling point about i! Cc 
yelopentane, wit! ghtl lower, but stil! high, refractive 
ng the new compound to be a cycloparaffin. It was deduced 
could only be a Cs alkyleyclopentane, and, further, that the 

C's alkyleyclopentane normally boiling near 105° C was 1,1,3- 
vclopentane, the existing literature data to the contrary notwith- 
These deductions were shortly thereafter confirmed by new data 
m the synthesis and properties of 1,1,3-trimethyleyclopentane [4 


brackets indicate the literature references at the end of this 


and 0.01 percent by volume 


of distillation available for the present investiga- 
tion [6]. 

This report describes the analysis of the hydro- 
carbons in the 102° to 108° C 
tion of petroleum, which is shown to be composed 


aromatic-free frac- 


substantially of the above-mentioned three 


compounds, 


II. Material Analyzed 


The American Petroleum Institute Research 
Project 6 at the National Bureau of Standards has 
had under investigation since 1928 a large quan- 
titv of petroleum taken from a well at Ponca, 
Okla. [1, 7}. 


investigation constituted that part of this original 


The material analyzed in the present 
petroleum normally boiling between 102° and 
108°C. 
been separated methyleyclohexane (at 100.9° C) 


From this petroleum there has previousl\ 


[8] and toluene (normally boiling at 110.6° C but 
actually spread over much lower boiling material 
[9]. The status of the material normally boiling 
in the range 102° to 108 
investigation, is described in reference [5]. 


C prior to the preseat 
Before 
the beginning of the present investigation, the 
filtration 


material was made aromatic-free by 


through silica gel [10}. 


Ill. Method of Analysis and Separation 


The material of the original petroleum remain- 


ing after the previous treatment [9, 8, 5] was 


“lined-up” by appropriate preliminary distilla- 
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tions and blending in order to obtain in one lot of 


material all the remaining original petroleum 
normally boiling between 102° and 108° C 
Following the preliminary distillation and 


blending, five distillations (regular or azeotropic) 
were performed at high-efficiency and high reflux 
ratio, as listed in table 1. From appropriate final 
distillations of this series, small “best lots from 
petroleum” for ethyleyclopentane, 1,1,3-trimethvl- 
cyclopentane, and 2,2-dimethylhexane were se- 
lected for measurement of physical properties and 
determination of purity. 

The purity of the two cycloparaffins, of which 
there was a sufficient quantity to produce a rela- 
tively pure best lot from petroleum, was evaluated 
For 


2,2-dimethylhexane the quantity was so small as 


from measurement of the freezing points. 





to make impracticable the isolation of a samp 
high purity, and the amount of 2,2-dimeth vl}, 
in its best lot from petroleum was estimated { 
its values of refractive index and density is 
pared with those of pure 2,2-dimethylhexan 
the probable contaminants, as made evident { 
the results of the analytical distillation (see fig 

The best lots from petroleum of ethyleyclo 
and 


tane 1,1,3-trimethyleyelopentane and 


second-best lot of 2,2-dimethylhexane were 


examined spectrographically with an infr 
spectrometer ' by the Socony-Vacuum Lab 
tories, using the appropriate NBS Stand 


Samples of hydrocarbons for calibration. 
The relative amounts of the three compo 
in the Ponea, Okla., petroleum are taken fron 


‘A description of this instrument is given in reference [11 
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A samp—its of the distillation shown in figure 1. The C, and 0.4, percent of the original crude petroleum. 
thvlhe@fi,dation of these amounts into amounts based IV. R | 
hated fi she entire gasoline fraction, 40° to 180° C, and . Hesults 
ty as @@ the original crude petroleum was made from Table 1 lists the several distillations that were 
leXaN blished data obtained in the investigation on performed in this investigation and gives informa- 
ident {™ hydrocarbons in the gasoline fraction of seven tion concerning the distillation column, the reflux 
see figHresentative crudes, which include the Ponca, ratio, the rate of collection of distillate, the 
leyelo petroleum [{12, 13, 14]. The data of this azeotrope-forming substance (if used), the volume 
and Ber investigation [14] show that, for the Ponca, of hydrocarbon placed in the still, the volume of 
were naphtha, the material normally boiling in “ach fraction of distillate, and the number of the 
infra range 102° to 108° C constitutes, by volume, illustration in which the results of the distillation 
1 Lab@. percent of the gasoline fraction, 40° to 180° are plotted. 
Stand 
7 E | Information on the distillations for the analysis and se paration of ethyle yclopentane, 1,1,3-trimeth ylcyclope niane, 
mp and 2,2-dimethylhexane from the 102° to 108° C (aromatic-free) fraction of petroleum 
vv “ 
| fron 
Distillation 
Number 
of theo Rate of Volume 
Material Distillin am Reflux online Volume of azeotrope- Volume of each | Results 
column pastes ratso tion of | Kind of dis forming substance, | °f BY4ro- | fraction | Plotted 
at total approxi- tillation : , carbon in fig 
number aaa distil- if used of dis- 
reflux mately lat charged tillate ure 
° approxi- a illate 
mately 
mihr ml ml 
» 108° C (aromatic-free) fraction 2 100 120/1 2.5 Regular 1, 650 7.5 l 
petroleum 
4 yicyclopentane concentrate (part 100 165/1 1.8 A Zeotropic Ethanol, 2,000 ml 530 14.0 2 
i, fig. 1 
hyleyelopentane concentrate (part ; 100 165/1 18 Regular 310 14.0 
i, fig. 2 
‘-Trimethyleyclopentane concen 1A 200 1830/1 4.0 A zeotropic Isopropanol, 2,000 ml 500 16 4 
rate (part B, fig. 1 
Dimethylhexane concentrate (part LIA 200 180/1 4.0 i Ethanol, 5,000 ml 1, O50 16 
3 fo) f fig ! 
. Figure 1 shows the results of the distillation TABLE 2 Amounts of ethylcyclopentane, 1,1,3-trimethyl- 
Nw . . cu ‘ ) D4 , ), ~ 
' that part of the petroleum containing all of the yclopentane, and 2,2-dimethylherane in Ponca, Okla., 
bh ‘ : one : yetroleum 
: terial (aromatic-free) normally boiling in the , 
: nge 102° to 108° C. The relative amounts of 
= fhyleyclopentane, —1,1,3-trimethyleyclopentane, el ee | 
. . e Normal Relative in the in the 
~ | 2,2-dimethylhexane are marked in _ this Component boiling | Hy'vol: | fmetion, | “erude 
= . ic | . _rTe iv point ume 40° to petro 
8 rt. It is-possible that the relative amount of oa — 
x 
re yieyclopentane may be somewhat low because 
™ the preferential loss of it in the previous treat- : gpm hy pee dg 
nt [8], which resulted in the separation of Ethyleyelopentane 103. § 4) Os 0. 16 
rly . 1,1,3-Trimethylicyclopentane 14.9 4 9 r) 
pf y ve wes . "eis 7 
thyleyelohexane. The relative amounts of 9 aieeathatbinen oo ° ps o 
three compounds are given in the third col- otal 10 | hs ‘ 


n of table 2. Also given in table 2 are values 
resenting the amount of each of the compounds 
the gasoline fraction, 40° to 180° C, and the 
ount in the original crude petroleum {12, 13, 14]. 
figure 2 gives the results of the azeotropic 

of the concentrate of 


ivleyelopentane, taken as part A in figure 1. 


stillation with ethanol 





ydrocarbons in the 102° to 108° C Fraction of Petroleum 


Figure 3 gives the results of the regular distilla- 
tion of the second concentrate of ethyleyclopen- 
tane, taken as part A in figure 2. The best lot 
from petroleum of ethyleyclopentane was selected 
from this distillate. 
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The best lot from petroleum of 1,1,3- 
hvyleyclopentane was selected from _ this 


e 


re 5 gives the results of the azeotropic 


lation with ethanol of the concentrate of 
ethylhexane. The best lot from petro- 
of 2,2-dimethylhexane was taken as the 


fraction A in figure 5. The small fraction 


5 was used for the spectrographic 
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centrate (C, fig. 1 
nate scale on the right s the refractive indices of the hydro- 
rtion of the fractions of azeotropic distillate, and the ordinate scale 
gives the boiling point of the azeotropic distillate at 725 mm I'he 
bscissas gives the volume of the hydrocarbon portion of the distillate 
rhe relative amounts by volume of the various components 
ed in the upper portion « the figure 
[he values of the simple physical properties, 


| the calculated purity, for the best lots from 


eum of the two alkyleyclopentanes are given 


table 3. The purities of the best lots from 


tro 


eum of ethyleyclopentane and 1,1,3-tri- 


ethyleyclopentane were calculated [15] from the 


\ 
Vos 


PT 
ro 
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Cel 


reezing point, and the appropriate values of the 


opic constant and the freezing point for 
mpurity [16], to be 98.13 and 98.06 mole 
Within the indicated limits 
taking of the 
2 percent of impurity, the values of the 


it, respectively ’ 


certainty, and cognizance 


simple physical properties 0: wnese samples from 
petroleum are in accord with the corresponding 
values for the API-NBS samples of the same 
Both of the lots 
petroleum of these two compounds were analyzed 


compounds [17]. best from 
spectrographically with an infrared spectometer 
by the Socony-Vacuum Laboratories [19], with 
the following results for the purity, in mole 
percent: Ethyleyclopentane, 98.5+ 0.8; 1,1,3- 
trimethyleyclopentane, 99.0 +0.8. These results 
are, within the respective limits of uncertainty 
the 
from the measurements of freezing points. 


in good agreement with values calculated 


Values of the simple ph ysical properties, and the 
the 


TABLE 3 


for hest lots from petrole um’ of 


cali ulated purity 


ethyli yclopentane and 1,1 ,3-trimethyle yclopentane 


Best lot from petro 


Best lot from petro 
leum of 1 


Properties leum of et 
—— — ~ hyley methyleyclopen 
clopentan 
tane 
Boiling point, at 760 mm, 103. 530 +0. OF 14.938 +0. 0 
in’ C 
Refractive index, Np, at | 1.4174 +0. 0001 1. 4088 +0. 0001 
23° C 
Density,* in air at 1 atm, 0. 7619 0. 000) 0.7442 +0. 0001 
at 25° C, in g/ml 
Freezing point,* in air at 130.06 +0.0 142.98 +0. 02 
Latm,in® C 
Calculated purity,* mol *m.13 +0.15 06 +0 


percent 


* Determined by A. F. Forziati with the apparatus described in reference 
Determined by N. 
Calculated 


point for zero impurity and the cryoscopic ¢ 


Krouskop 
as described in reference [15 


as described in reference [15] 


from the value of the freezing 


onstant taken from reference [16] 
Material A in figure 5 was selected, from the 
values of boiling point and refractive index, as 
the best lot from petroleum of 2,2-dimethylhexane. 
This lot, was obviously not 
dimethylhexane, had the 
Boiling point at 760 mm, 106.6 
at 25° C, 0.7045 g/ml; refractive index, 
25° C, 1.3954. The of 
hexane in this lot was calculated 


which pure 2,2- 
following properties: 

0.3° C; density 
Np, at 
2,2-dimethvl- 
to be 50 10 
from calculations made in three ways: 


amount 


percent, 
(1) from the temperature-volume distillation data, 
the of the 
sample, of pure 2,2-dimethylhexane, and of the 


(2) from values of refractive index 


lower and higher-boiling components, and (3) 
from the values of refractivity intercept of the 
sample, of pure 2,2-dimethylhexane, and of the 
lower and higher-boiling components. <A second 


and less pure lot of 2,2-dimethylhexane, B in 
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figure 5, was analyzed spectrographically with an \9| J. H. Bruun, R. T. Leslie, and 8. T. Sch 
tesearch 6, 363 (1931) RP2S80. 
[10) B. J. Mair and A. F. Forziati, J. Researe} 
151 (1944) RP1582. 
American Petroleum Institute Research P 


infrared spectrometer [19] by the Socony-Vacuum 
Laboratories and found to contain somewhat over 


20 percent of 2,2-dimethylhexane.°® (11) 


National Bureau of Standards. Catalog « 
infrared spectrograms Description of 
Grateful acknowledgment is made to P. V. spectrographs No, 5. Contributed by th 
Vacuum Laboratories. 
[12] F. D. Rossini, B. J. Mair, A. F. Forziati, A 
gow, Jr.. and ( B. Willingham P 
spectrographic measurements reported in this Petroleum Inst. 23, II] 7 (1942); Oil Ga 
paper. No. 27, 106 (1942); Petroleum Refiner 21, > 
me 9 
V. References #3 (1942). 
\. F. Forziati, C. B. Willingham, B. J 
D. Rossini, Petroleum Engr. 14, 223 (1943 F. D. Rossini, J. Research NBS 32, 
Egloff, Physical constants of hydrocarbons, vol RP1571 Proc. Am. Petroleum Inst 
1 teinhold Publishing Co., New York, N. Y. (1943 
1940 A. F. Forziati and F. | Rossini, API Resea 
D. Zelinsky and A. Uspensky, J. Russ. Phys Project 6. National Bureau of Standard 
Chem. Soc. 45, 837 (1913 Ber. deut. chem. Ges published data 
46, 1470 1913 \ R Glasgow Jr \ J Streiff and | D Ro 
14) J. B. MeKinley, D. R. Stevens, and W. E. Baldwin Research N BS 35, 355 (1945) RP1676 
J. Am. Chem. Soc. 67, 1455 (1945 \. J. Streiff, | T. Murphy, J. C. Cahill, H 


Keyser, Jr., and F. P. Hochgesang, Socony- 
Vacuum Laboratories, Paulsboro, N. J., for the 


[5] 4 1 Leslic J Research NBS 22, 153 (1939 RP1174 Flanagan V \ Sedlak ( B Willingha 

|6) ( B. Willingham and |! D. Rossini. J tesearch F ID Rossini, J ftesearch NBS 38, 53 
NBS 3, 15 (1946) RP1724 RP1760 

17} F. D. Rossini, Proe. Am. Petroleum Inst. 18, III [17] A. F. Forziati and F. D. Rossini, API 
36 (1937 Oil Gas J. 36, No. 26, 193 (1937 Project 6 National Bureau of Standards 
Refiner Natural Gasoline Mfr. 16, No. 11, 545 published data 
1937 [18] A. F. Forziati, B. J. Mair, and F. D 

{8} M. M. Hiecks-Bruun and J. H. Bruun, BS J. Research Research NBS 35, 513 (1945) RP1635 

8, 525 (1932) RP432 [19] Socony-Vacuum Laboratories Paulsobro N 

Unpublished data 


rhe lower refractive index o ot is due to the increased concentratior 


/ higher-boiling paraffin WasHINGTON, January 24, 1947. 
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eats of Combustion and Solution of Liquid Styrene 
d Solid Polystyrene, and the Heat of Polymerization 
of Styrene’ 


By Donald E. Roberts, William W. Walton, and Ralph S. Jessup 


Bomb-calorimetric measurements have yielded for the heats of combustion (— AH,.) at 
25° C of liquid styrene and solid polystyrene to form gaseous carbon dioxide and liquid water 
the values 4394.88 + 0.67 int. kj/mole (1050.58+ 0.14 keal/mole), and 4325.09+ 0.42 int. 
kj/CsH,-unit (1033.89 + 0.10 keal/CsHy-unit), respectively, and for the heat of polymerization 
of liquid styrene to solid polystyrene at 25° C the value 69.79 + 0.66 int. kj/mole (16.68 + 0.16 
keal/mole The results obtained on two samples of polystyrene of different molecular 
weight were in agreement within the precision of the measurements 

Measurements of the heat of solution of solid polystyrene in liquid monomeric styrene 
gave the value 3.59+0.21 int. kj (0.86+0.05 keal) evolved per CyH;-unit of polystyrene 
at 25° C. Addition of this to the value for the heat of polymerization of liquid styrene to 
solid polystyrene gives the value 73.38 + 0.69 int. kj (17.54+0.16 keal) per mole of styrene 
for the heat of polymerization of liquid styrene at 25° C, when the final product is a solution 


of polystyrene in styrene containing 6.9 percent by weight of polystyrene. 


I. Introduction Although the indirect determination has the 
disadvantage that the heat of polymerization is 


The heat of polymerization of styrene can be os 
. : obtained as the small difference between two large 


tained directly by measuring the heat evolved es es . 
os quantities, the precision of bomb-calorimetric 


en the polymerization reaction is allowed to : 
. measurements is such that the accuracy of the 


e place in a calorimeter, or it can be obtained _ : ; , : 
indirect determination is comparable with that 


directly as the difference between the heats of a Pad 

: of direct deternsinations which have been reported 
[1, 2].2. The indirect method has the advantage 
that the effect of the molecular weight of the 


product on the heat of polymerization can be 


ombustion of liquid monomer and solid polymer. 
the direct measurement, the polymerization is 

t complete, as a rule, so that the heat evolved 
that corresponding to a polymerization reaction : ; “EF 
a Kips investigated by using polymer fractions of widely 

which the final product is a solution of polymer ai ; 2% : 
different molecular weights. 


monomer. The indirect determination, on the om . ., 
lhe purpose of this paper is to present results 


ther hand, yields the heat of polymerization of f 
oO 


, : bomb-calorimetric measurements on styrene 
liquid monomer to solid polymer. In order > 


and on two samples of polystyrene having different 


compare values of heat of polymerization ob- : 
po" average molecular weights, and a value of heat of 


ined by the two methods it is necessary to have 


' , polymerization derived therefrom. Data obtained 
value for the heat of solution of polymer in : 


in measurements of the integral heat of solution 
omomer. 
ed before the High Polymer Forum at the 110th meeting of the en 
Chemical Society, Chicago, Sept. 11, 1946. This paper also ? Figures in brackets indicate the literature references at the end of this 


rin the J. Polymer Sci. 2, No. 3 (1947). paper. 


of polystyrene in liquid styrene, which can be 
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used to compare the results of the measurements 


reported here with values obtained by direct 


measurements of heat of polymerization made at 
this Bureau 
calorimetric determinations of partial molar heats 


|1] are also given. In themselves, 


of solution are of importance in connection with 
studies of thermodynamic properties of polymer 
solutions, and as the dependence of heat of solu- 
tion upon concentration is not yet known, further 


work is contemplated. 


II. Methods and Apparatus 


In this work, measurements of heats of combus- 
tion of liquid monomer and solid polymer were 
made with the same bomb calorimetric system, 
and the difference in the results was taken as the 
heat of polymerization of liquid monomer to solid 
polymer. In calculating the results of the meas- 
urements of heat of combustion, the amount of 
the combustion reaction in each experiment was 
derived from the mass of carbon dioxide formed, 
using the value 44.010 for the molecular weight of 
carbon dioxide. 

The calorimetric system was calibrated with 
Standard Sample 39f of benzoic acid, using the 
value reported previously [3] for the heat of com- 
bustion of this sample under the conditions of the 
bomb process. 

The observed heat of combustion in each experi- 
ment was corrected for heat of stirring and heat 
transfer between calorimeter and surroundings, 
for energy used to ignite the charge, and for energy 
produced by formation of nitric acid in the bomb. 
In the experiments with polystyrene a small 
amount (0.14 to 0.36 mg) of unburned carbon 
was left in the crucible 
applied both to the observed mass of carbon 


Correction for this was 


formed and to the observed heat of 
kj g as the heat of 


dioxide 
combustion using 33. int. 
combustion of carbon. 
The observed value of heat of combustion in 
each experiment was reduced, in accordance with 
the procedure described by Washburn [4], to the 
AU,° (25° C 
energy accompanying the combustion reaction 


value of , the decrease in intrinsic 


C.H,+ 100,(¢)— 8CO,(g) + 4H,O(liq) 


with each of the reactants and products in its 
thermodynamic state. The 
state for C,H, in this equation is that of the liquid 


standard standard 
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monomer or solid polymer at 25° C and a 
of 1 atmosphere. 
The heat evolved at 25° C in the polym 
AUp" 
was then calculated by means of the relatiy 
AUp®=(—AU,°) n—(—AU-°) >, 
scripts m and p refer to liquid monomer and so 


reaction per mole of monomer 
where the sy 


polymer, respectively. 

The samples of polystyrene, which were {j 
powders, were compressed into pellets and tly 
weighed in the platinum crucible in which th 
were to be burned. The samples of  liqui 
styrene were enclosed in thin-walled glass bulb 
[5, 6) which were flattened on opposite sides an 
filled completely with the liquid. The metho 
described in the references cited for filling sy 
bulbs consisted in immersing the end of the steqfiifnear | 
in the liquid, and then alternately heating t)@jsight 
bulb to expel air, and allowing it to cool and dragfthat | 
in liquid. As it was thought undesirable to heaf@fecalor! 
the styrene, a different method of filling the bulb 
was used. This method consisted in immersi 
the end of the stem in the liquid, and then alte 
nately applying pressure gently with the fing me 
to the flat sides of the bulb to expel air, ang copp. 
releasing the pressure. The weight of glass i@™polys 
each bulb after removing the stems was abo love 
0.05 2. 

The apparatus and procedure followed in t 
bomb-calorimetric measurements have been «i 
scribed previously [7, 8, 9]. The bomb used 
made of illium and is similar in design to th: 
described by Prosen and Rossini [10]. The bon 
had a capacity of 380 ml. One milliliter of wat 
was placed in the bomb before each combustio: 
experiment. The carbon dioxide formed in con 
bustion was absorbed in Ascarite and weigh 
following the procedure described by Rossini [1 
The absorption train used was similar to tha 
described in reference [10], but no provision was 
made for oxidizing products of incomplete com- 
bustion and absorbing the resulting carbon dioxid 
However, frequent tests for carbon monoxid 
the gaseous products of combustion were mad 
using an NBS colorimetric method [12], but 
carbon monoxide was ever found. 

The heat of solution of polystyrene in liqu 
styrene was determined by observing the tempe'- 
ature rise of the calorimeter produced by t! 
solution of about 1 g of polystyrene in 15.0! 
of styrene. 
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alorimetric apparatus used in the measure- Ill. Materials 


nts of the heat of solution was the same as that 






The samples of styrene and polystyrene used in 





the combustion experiments, except that 













































neriza A 
: the bomb-calorimetric measurements were ob- 
AH calorimeter cover was omitted, and a straight =n " ae 
a , Xa tained from the Dow ( hemical Co. rhe stv- 
® relatiogifbclass (ube about 300 mm in length by 11.5 mm “vel 
: ‘ rene was a selected sample, and was_ purifie 
the syjfifnside diameter was used to contain the sample of : — ee 
T tP , at this Bureau® by passing it through silica gel, 
and so wid stvrene. This tube was immersed to a f ] | 1) listill S 
> ane . . Vy three tractiona reezings, am yr distillatio 
oth of 225 mm in the water of the calorimeter 4: F  * , ) — uth = 
, in vacuum. reezing curves indicates purity 
were fj d extended about 40 mm above the jacket. é y : : .- pes 
: of the final product of 99.95 mole percent. Mass 
and theifThe finely powdered sample of polystyrene was hi Ivsis * indi a 
= . . thy spectrographic analysis * indicated a composition 
lich th mtained in a cylinder 10 mm in diamter and 110 | eral I 
' o : of 99.91 mole percent styrene and 0.09 mole per- 
f liquifmm long made of 200-mesh copper gauze, which Pinay, . 
2 . ’ . cent ethylbenzene. The observed bomb-calori- 
iss bulhffwas placed in the glass tube above the surface . 
* ae ay , metric data on styrene were corrected for the 
sides an@ffol the liquid styrene, and was suspended by a thin- : 
- ra presence of this amount of ethylbenzene by using 
metho@™walled copper-nickel tube. The temperatures of ; . ; 
. ; the heat of combustion data reported by Prosen, 
Ing such calorimeter and jacket were both brought hy 
ane ~ "x Gilmont, and Rossini [14]. 
the steqfifnear to 30° C, with the temperature of the jacket tats 
; . After purifiying the sample it was stored in an 
ting tha@gsightly higher than that of the calorimeter, so , r 
j “4s evacuated sealed glass container at the temper- 
nd draw that there was a small positive rate of change of peg 5 1 tj f ki ; 
’ ature ot dry ice until time for making the calori- 
- to heafffcalorimeter temperature due to thermal leakage. ‘ - f 
PR? ci . i : metric measurements. It was then warmed to 
he bulhdf After a wait of several minutes for the attainment 
ro aes SN AT a room temperature, a sample was transferred to a 
mers! ia steady positive rate, a series of observations ' 
. . glass bottle, and 10 ppm of tertiarv butyl catechol 
D alter calorimeter temperature and _ corresponding ELAS Met 
, ei . : om was added to this sample to inhibit polymeriza- 
' finger@if time was made over a period of 10 minutes. The a : . 
. a: tion. The calorimetric measurements on the 
ir, an@™copper-gauze cylinder containing the sample of ane ; 
; ; ; monomer were completed within 1 month after it 
glass olystvrene was then lowered into the styrene and 
: ' was warmed to room temperature. 
s abo ved up and down by hand once a second to stir on 
an The two samples of polystvrene obtained for the 
he liquid. The temperature of the calorimeter npn OX BPs “ae 
; . »omb-calorimetric measurements, samples | anc 
in t ose rapidly at first, but the rate of rise decreased re sa I 
: ; ; Il, were commercial unfractionated polymers, 
en deff with time and attained a small constant value ae , f lL. lubl 
, . . . contaimimg about 3 percent of methanol-soluble 
used fter about 10 minutes, indicating that solution ‘wy 7 I “ol 
acs teri (partiy low-molecular-weight 0lvVmMer 
to tha@ffof the polystyrene was complete. Stirring of the me . aie. : T| = por 
Pty . ; . d unpolymerized styrene). 1¢ monomer usec 
» bomigf solution was continued for 10 more minutes, and aU fie ; ; 
was 99.7 percent styrene, and most of the impurity 





f watemm™@ readings of time and temperature were continued 





was ethylhenzene. Each sample was prepared 
by thermal polymerization without catalysts at a 





yustiogg™ for 10 minutes after the stirring was stopped. 





The rate of change of calorimeter temperature de- 










nm cor 
. = ‘ange of temperatures, the average for the two 
igh reased slightly when the stirring was stopped. — les be} eu 1] oC I al 
" ; . . , : les Deing of the order o 00% and above, 
ni [1 [his was attributed to a combination of heat of ae “es F Ree he 7 f ; 
. . . . . + y ve ( a wide range o motecuiar 
o th stirring of the viscous solution, and conduction of ane ee unis e ' ae ‘ 
. . weights present. owever, precipitation tests ” 
i was heat to the calorimeter from the hands during the 
' sae showed that as methanol was slowly added to a 
com-4™ stirring. Correction to the observed temperature hati a f 
; 6s . ” toluene solution of the polymer, a large traction 
loxid rise during the “reaction period’? was made for af a. al %! , 
, ‘ “tes . , . oO , terial Was precipitated over a narrow 
ice hese effects, and for heat transfer between calori- me materi ¥ I P : ; 
range of added precipitant, indicating that a large 





neter and jacket 
The energy unit used in the original calculation 





portion of each polymer probably was of nearly 





uniform molecular weight. 





if the results is the international joule. Conver- 
sion to the conventional thermochemical calorie 






rhe purification and testing for purity by observation of freezing behavior 
. ‘ . oe were done by members of the staff of the low-temperature laboratory at the 
was made by the relation [13] 1 calorie=4.1833 men 
‘ By A. K. Brewer. 
§ By I. C. Schoonover of the Bureau, 
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The sample of polystyrene used in the measure- 
ments of heat of solution, sample III, was obtained 
from Monsanto Chemical Co. It was a commer- 
cial material designated as type A, and was pre- 
pared in the form of a fine powder by solution in 
toluene and precipitation with methanol in the 
manner described below for samples I and II. 

The styrene used in heat of solution measure 
ments was a technical sample obtained from Dow 
Chemical of Canada, Ltd. Freezing curves indi- 
cated that it was 99.8 mole percent styrene, the 
most likely impurities being ethylbenzene and 
polystyrene. 

A few preliminary bomb-calorimetric measure- 
ments were made on samples I and II of poly- 
styrene without purification, except for removal 
of visible particles of foreign material. The re- 
mainder of each of these samples was purified at 
this Bureau, by the method of 1. C 
which produces a fine powder rather than a gel. 


Schoonover, 


According to this procedure, 20g of the material 
was dissolved in 2's liters of chemically pure filtered 
and distilled toluene by allowing the mixture to 
stand for 24 hr, with intermittent shaking. The 
solution was filtered through a fine sintered glass 
funnel. Two hundred milliliters of the filtered 
solution was slowly added to 3 liters of chemically 
pure methanol in a 4-liter Erlenmeyer flask, with 
continuous stirring. Stirring was continued for 
4 hr after all of the toluene solution had been added 
and the precipitate was then allowed to settle 
overnight. 

The supernatant liquid was decanted, the pre- 
cipitate collected 
funnel, and washed eight times with methanol. 

When the entire amount of polystyrene solution 


upon a large sintered-glass 


had been treated in this manner, the precipitates 
were then dried for 18 hr in a thin layer at 70° C 
under a pressure of about 75 mm of mercury. 
The dried material was ground, mixed, and dried 
for an additional 72 hr under the same conditions 
with intermittent stirring to expose fresh surfaces. 
A test made by moistening the dried material with 
methanol and drying again indicated that the 
material probably did not retain methanol under 
these conditions of drying. 

It is believed that the above treatment removed 
most of any monomer and low-molecular-weight 
polymer that may have been present. It was 
found, however, that the polymer increased in 
weight by about 0.1 percent during the drying 
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process. One sample (not used for com!yystip, ff! sam)! 
measurements) that was kept for about | mon; so! 
under the above conditions of drying increased jffmp! 
weight by about 1 percent. Within the limits of ne 


precision of the measurements, the heats of coy 
bustion of the purified and unpurified samp|es . 
gram of carbon dioxide formed were the sam 


The heat of combustion of the purified materiif The? 


per gram of sample burned was found to be aboygive" " 
0.06 percent less than that of the unpurified mg cal 
terial. These facts suggest that the removal of™pbe 00" 
monomer and low molecular-weight polymer in them!!™° 
purification process did not affect the heat of com- es 01 
bustion per gram of carbon dioxide formed by fi ad 

ett 


measurable amount, and that the increas 
weight of the material during drying was dw 
the absorption of gas, which behaved as an ine 
impurity. 

The three samples of polystyrene were charav- 
terized, after purification, by viscosity deter- 
minations. Measurements were made with 
Ostwald (Fenske type 50) viscometer at a ten | 
perature of 30.50°+0.05° C. The viscometer was 
calibrated with water, and it was found that thy 
kinetic-energy correction to the viscosity was 
negligible over the range of viscosities measure: 
on the polystyrene samples. The viscosities o 
the polystyrene samples were measured in toluen 
solutions at concentrations of 1, 0.5, 0.25, and 
some cases, 0.125 g/100 ml of solution. Th 
results were plotted by the method of Huggins 
[15], and the following values obtained for th 
intrinsic viscosity [7] and the constant k’ in th 


6 


Huggins ® equation: 


Sample | 1.650 0.206 rh 
Sample I] 0.791 .232 - 
Sample III 1.255 217 ser 
ne 
ible 
These data indicate that samples I and II, used § intr 
in the bomb-calorimetric measurements, differed Jj react 
considerably in average molecular weight (sample J solid 
I having about twice the molecular weight o! cts 
sample I1) and that the degree of polymerization I 
saieapieeginaies ett 
* mep/c=[n]+k'[n]lne,, where c is the concentration in grams per 1 hI 
solution, me, is specific viscosity, and &’ is a constant that determi: . 
dependence of the viscosity on concentration and depends on the t nel 


polymer, on the solvent and on the temperature, but is supposed to d 
only slightly, or not at all, on the molecular weight of the polymer 
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1es ¢ 
NT I 
nd 

Th 


ggins 


» tl 


le LIT, used in the measurements of heat 
between those of 


there 


ion was intermediate 
I and II. It may be noted that 
very wide differences among the values 


IV. Results 


The results of the calibration experiments are 
en in table 1. Because of slight changes in 
calorimetric system resulting from repairs to 
bomb, and the substitution of a new resistance 
rmometer for the one used initially, several 
es of calibration experiments were made during 
course of the work. These are designated by 
letters A, B, C, in table 1. 


Results of calibration of calorimete with benzoic 


10te 7, page 632 


The results of measurements of heat of combus- 
m are given in table 2, Al’, is the 
served heat of combustion in the bomb under 
ie conditions specified in columns 2 and 3 of the 
table, and Al 
nsic energy accompanying the 
reaction when the reactants (liquid styrene or 


polystyrene and gaseous oxygen) and prod- 


where 


represents the decrease in 


combustion 


cts (gaseous carbon dioxide and liquid water) are 
their thermodynamic standard states. The 

rs A, B, C, following the material names in 

2 indicate the series of calibration experi- 


s listed in table 1, upon which the results 


ased. 


Heat of Polymerization of Styrene 


raBLE 2 Results of bomb-calorimetric measureme 


on polystyrene and styrene 


Initial O Heat of combustion at 3 
Mass of . 
la pressure Mas 


sample ~ 4 
‘i { 
” 4Us Al 
POLYSTYRENE I (A 


qg Int gCoO Int @ { 
51789 12273. 0 12265. 5 
2 S2a21 5 12289 
3. OO70S8 275. 3 12268. 
2. 04205 73.2 12266. 
2. 84516 273. 6 12206. 5 


2. 36437 76. 5 12269 


i deviation of mean 


POLYSTYRENE II (B 


0. 4714 
QuOoUuy 
97718 
OS9 U3 


YOYUSS 


Mean 
Standard deviation of meat 
Weighted mean for polystyrene 


Standard deviation of weighted mean 


STYRENE (C)* 


}. 98809 12474. 1 
» 63602 12478. 0 
L. G7778 12478. 7 
» 40141 12473. 7 
> 91015 12469. 4 

46261 12471. 6 


» 65316 12469. 7 


Mean 


Standard deviation of mean 


» See preceding column for an explanation of the 


i, B, and ¢ 


Each value ¢ 


significance of the letters 


f standard deviation of the mean was calculated from the data 


st 
of the experiments with the styrene or polystyrene sample and the corre 
sponding experiments with benzoic acid, in the manner described in foot 
note 7, page 632 

The values of—Al for styrene were derived from the corresponding 
values of \U's by applying the Washburn correction and a correction of 


44 ppm for the ethylbenzene in the sampk 


The values obtained for the mass of carbon diox- 
ide formed in combustion, which is a measure of 
the amount of reaction, are lower than the corre- 
sponding values calculated stoichiometrically from 
the masses of samples burned, assuming that the 


composition of the samples is represented by 


differences between ob- 


carbon dixoide 


(C.H,),. The 


served and calculated 


average 


masses of 
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are, for styrene, 0.029 percent, and for the samples 
of polystyrene I and II, 
0.115 


carbon dioxide formed in combustion of Standard 


respectively, 0.146 and 
percent Frequent measurements of the 
Sample 39f of benzoic acid yielded results in agree- 
ment with calculated values within less than 0.01 
percent on the average. The observed deficiency 
of carbon dioxide in the case of styrene can proba- 
bly be attributed to air or moisture dissolved in 
the liquid. The deficiency in the case of the 
samples of polystyrene is probably due to the 
presence of nonhydrocarbon material in the 
samples as an impurity 

It will be seen from the data of table 2 that the 
values of —AU,° for the twosamples of polystyrene 
are practically identical, even though the indicated 
amounts of impurity were different. This sug- 
gests that a part of the nonhydrocarbon content 
of the samples behaved simply as an inert impurity, 
but as the combined uncertainties of the calori- 
metric results, and of the measurements of the 
carbon dioxide formed are of the same order of 
magnitude as the difference in indicated impurity 
in the two samples, no definite conclusion can be 
It is here assumed that 


the nonhydrocarbon content of the polystyrene 


drawn as to this point. 


samples is entirely inert impurity. 

The dat» in table 2 then indicate that the heat 
of combustion of polystyrene per gram of carbon 
dioxide formed is independent of molecular weight, 
at least over the range of the material studied 
The weighted mean of the values for the two 
samples is therefore taken as the value derived 
from the present measurements for the heat of 
combustion of polystyrene 

In table 3 are given values of heat of combustion 
per mole (or per C,H,-unit) for styrene and poly- 
styrene, calculated from the mean. values given 
in table 2. In reducing the values at30° to 25°C, 
use was made of unpublished data obtained at the 
Bureau on the heat capacities of polystyrene 
and styrene [16] 
128.48 int 


The values of heat capacities 
j/C.H,-unit degree and 182.20 
int. j mole degree at 27.5° C for polystyrene and 


were 


styrene, respectively. 

The value derived from the data given in table 3 
for the heat of polymerization of liquid styrene to 
solid polystyrene at 25°C, that is, the difference 
between the values for heats of combustion of 


monomer and polymer is —A/1p(25° C)=69.79 + 
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0.66 int.kj,’ or 16.68 +0.16 keal/mole of n onop 
The data obtained in measurements 0. th, 
tegral heat of solution of polystyrene in sty ren, 
given in table 4. The values given repre. ent ; 
heat evolved when polystyrene is disso) ye 
styrene to form a solution containing an aye 
of 6.9 percent by weight of polystvren l 
average concentration of polymer in the result 
solution was about the same as the concentratiy | 
of polymer in the final solution obtained in 
direct measurements of heat of polymerizatioy 
made at the Bureau. 


TABLE 3 Values of heat of combustior 
Polystyrene (solid Styrene (liq 
14319.18 +0.42 int. kj/CsHs 4389. 2400.67 int. k These 
,U an? ¢ unit.* é d 
1032.48 +0.10 keal/CsMle | 1049.23 40.14 ke elieV EC 
unit { poly! 
4324.22 +0. 42 int. kj/CsHs 4394.28 +087 int. kit Agi 
Ail we? ¢ unit ; ; WutLo 
1033.60 +0.10 keal/CaHe 050.43 +0.14 kea prisul 
nat 
4320.13 £0.42 int. kj/CsH»- | 4380.92 +0.67 int. k s beet 
AU.°(25° ¢ = lt wa 
1032.71 +0.10 keal/CeHe (49.39 +0.14 keal 
| unit quite 
4325.09 +0.42 int. kj//CsHs 1304.8" +0.67 int. k fthe t' 
: unit 
tall al 1033.89 +0.10 keal’CsHe 1050.58 +0.14 keal/mok ul of 
(unit gligib 
it Ul 
* See footnote 7 iy he 
Except where otherwise noted, the number following each 4 I i rivat 
measure of the precision of the result which is defined as follows: | _ 
of a value of heat of combustion, the measure of precision is taken a . = 
maivent 
s= Oy self +(89/ O)2+(20/B (seh 
Oo WwW 
In this expression, sg is the standard deviation of the mean of the r 
the series of experiments with benzoic acid to determine FE, the energy th 
alent of the calorimetric system; sg is the standard deviation of the mea tive fol 
the results of the series of experiments to determine OQ, the heat of com! t] 
tion of the sample; (#9/B) is an allowance of 5X 10~ for the standard dd ~ 
tion of the value used for the heat of combustion of benzoic acid; ar Sk lec ul 
is an allowance of 5 10~-' for the standard deviation associated with tt , 
mination of the amount of the combustion reaction from the mass « Add 
dioxide formed rhe corresponding measure of precision of the value Pe a 
of polymerization is defined as 
g = (am) +(8 
In this expression s,.." and s," were calculated from the data of the 
combustion measurements on monomer and polymer, respect 
means of expressions of the form 
Son Ov(aegl +-(8Q/ 0 The d 
' 
Here it is assumed that systematic errors in the value used for the ‘ a 
combustion of benzoic acid and in the method of determining the amou gd ty 


the combustion reaction will cancel in taking the difference betw 
heats of combustion of polymer and monomer 

‘Standard deviation of the mean as used above is def 
l/v¥ n)X ven, where @ is the difference between a single obs 


ynd the mean, and a is the number of observation 


Heat 


Journal of Research 


Re aults of measurements of the heat of solution of 


polysty ene in styrene 


ObDse ed heat of solution 
577, 25° C 
Mass of poly 
tyrene * 
ki/Cs 
: H keal/CsHeunit 
u 
Vv] 

8O7 a 0.9 
0. 998 5 st 
0. O86 1 eo 

106 ss 4 
Mean 0. 907 5Y om 


Standard de 
Viation 
+0. 05 


These measurements of heat of solution are 
eved to be the only ones reported for a solution 
polymer in its own monomer. The observed 
Jution of heat reported in this paper has been 
prising to some persons with whom this work 
s been discussed. 
It was expected that the heat of solution would 
quite small considering the chemical similarity 
the two materials. Flory [18] assumes that the 
it of mixing of polystyrene and toluene is 
eligible, but Schulz [19] found an evolution of 
ipon dissolving polystyrene in benzene. It 
iy be noted that heat is evolved when cellulose 
rivatives are dissolved in various solvents [20, 
22, 23, 24, 


25]; heat is absorbed in rubber- 
vent systems [26, 27, 28] and the heat effect is 
* The 


t that heat is evolved suggests that the attrac- 





o with gutta-percha and toluene [29 


e force between adjacent polymer molecules is 


ss than that between polymer and monomer 
les ules. 


Addition of the value 69.79+0.66 int. kj or 


nees numbered [19, 21, 22, 23, 24, 25 and 28] are to work in which 
vas measured alorimetricall In references |2), 26, 27, and 20 
ffect was calculated fron motic- or vapor-pressure Measurements 
‘ ‘ ‘ 
r( H, ( H¢ Fis 


The double bond could conceivably be located in 
er parts of the chain, or as suggested by Risi 
d Gauvin [31] it could be destroyed by cycliza- 


CH,-CHC,H,-(CH,-CHC,H, 


Heat of Polymerization of Styrene 


> CH,-CHC,H,-(CH,-CHC,H;), 


16.68+0.16 keal/mole for heat of polymerization 
of liquid monomer to solid polymer to the value 
0.21 int. kj/CyH,-unit, or 0.86+0.05 keal/- 


C.H.-unit given in table 4 for the heat of solution 


3.594 


of solid polystyrene in liquid styrene yields the 
value 73.38 0.69 int. kj or 17.54 +0.16 keal/mole 
of monomer for the heat of polymerization of 
liquid styrene at 25°C when the final product is a 
solution of polystyrene in liquid styrene. It would 
have been more satisfactory if the same sample of 
polystyrene could have been used in both the 
combustion and the solution measurements. How- 
ever, it is thought that the branching, ring forma- 
tion, or other differences that have been ascribed 
[30] to polymerization 


probably would not have an effect greater than 


different conditions of 
experimental error on the thermal values reported 
here. It will be noted that there is good agree- 
ment with the heat of polymerization as measured 
directly [1] 

For convenient reference, a recapitulation of the 
essential numerical results obtained is as follows: 


Heat of combustion 
Monomer 1050.58 keal/mole 
80 keal/CsHe-unit 
0.86 keal/CsH,-unit 


Polymer 10% 
Heat of solution of polymer in monomer! 
Heat of polymerization to 
16.68 keal/mok 
17.54 keal/mok 


Solid polymer 


Solution 


V. Discussion 


The method that has been used for calculating 
heat 
data is based on the assumption that the polymer- 


of polymerization from bomb-calorimetric 


ization reaction is represented by 


rC.H, (liq (C.H,),(solid) (1) 


This equation mav be more appropriately written 
| I . 


in the forn 


-CH=CHC,H, 2) 


tion of the terminal linkages with the production 
of a molecule having an indane ring at the end: 


CH? 
-CH,-CH CH-C,H; 3) 


C,H, 





According to information supplied by the Dow 
Chemical Co 7 
prepared by straight thermal polymerization of 


polystyrene samples I and II were 
styrene, which was at least 
The 
approximately 100 ppm of some organic peroxide. 
It therefore seems unlikely that the composition 
of the polymer differed from that 
indicated by the formula (CsHs), by amounts 
sufficient to affect the heat of combustion of the 


99.7 percent pure. 


impurity was mostly ethylbenzene, with 


molecules 


polymer by a significant amount. In particular, 
the presence of fragments of catalyst or solvent 
molecules on the ends of the polymer chains 
(32, 33, 34, 35, 36, 37] seems extremely unlikely 
As noted previously, the amount of carbon 
dioxide formed in the combustion of the poly- 
styrene samples was less than that calculated 
The fact that 


from the mass of sample burned 
the amount of nonhydrocarbon impurity 
cated by the deficiency of carbon dioxide is about 
the same as the increase in weight of the polymer 
samples during drying makes it appear likely that 
was largely gas 


the nonhydrocarbon impurity 


absorbed during drying. If this gas was oxygen 
that reacted chemically to become a part of the 
polymer molecules, the heat of combustion of 
the polymers per gram of carbon dioxide formed 
would be lower than that of a polymer having 
the composition (C,H,),, and the value derived 
from the heat of combustion data for the heat of 
polymerization according to reaction 1 would be 


Making 


assumptions as to the molecular weights of the 


correspondingly too high reasonable 
polymers, it is estimated that 0.15 percent by 


weight of oxygen chemically combined with 
sample I of polystyrene would lower its heat 
of combustion per gram of carbon dioxide by an 
amount corresponding to an increase of about 3 
heat of The 


combined 


percent of the polymerization 


corresponding effect of 0.11 percent 
oxygen in the case of polystyrene sample IIT would 
be of the order of 2 percent of the heat of polymeri- 
zation. 


As noted previously, however, the experi- 


mental data on heats of combustion indicate 
that the gas absorbed by the polymer in drying 
did not combine chemically with it, but behaved 


simply as an inert impurity 


VI. Previous Work 


Measurements of the heats of combustion of 
styrene and two samples of polystyrene have been 
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reported by Luschinsky [38]. 


One of his ampli 


of polystyrene (sample A) was prepared 
polymerizing styrene for 6 hr. at 180° C, dissoly, 
the product in toluene and distilling off the (olye, 
and any remaining monomer in 
then redissolving the product in toluene 
drying in high vacuum at 100° C. His otly 


sample (sample B) was obtained by fractionat 


vacuuin, ay 


a part of sample A by precipitation from solyt; 
in methyl ethyl ketone in such a manner thy 
a sample having a narrow range of molecy 
weights was obtained. 

Measurements of heat of combustion were m; 
The Metho¢ 
styrene yw 
The amo 


of reaction in each case was determined from { 


by means of a bomb calorimeter. 


used to prevent evaporation of 


probably not completely effective. 


mass of sample burned 

The values reported for heat of combustior 
styrene, polystyrene A, and polystyrene B 
1045.4, 1034.8, and 1031.6 keal/mole of monom 
respectively. Certain small corrections wo 
have to be applied to these values to cony 
them to the same basis as the values of heat 
combustion reported in this paper, but as thes 
corrections would be substantially the same { 
styrene, and for the two samples of polyst yr 
the resulting values for heat of polymerizat 
will not be affected by omission of these corn 
tions. The values of heat of polymerization 
styrene to solid polystyrene derived from Lus 
chinsky’s data are 10.6 and 13.8 kcal/mole 
monomer for polystyrene samples A and 
respectively. 

Prosen, Gilmont, and Rossini [14] have reported 
the velue 1050.40 +0.20keal/mole for the heat 
combustion, AH. 


? 


of liquid styrene at 25 
This value is in agreement within 0.017 perce: 
with that derived from the results presented 
this paper. Further references to earlier wi 
will be found in reference [14|. 

Schulz [19] has made measurements of the 
tegral heat of solution of polystyrene in benze1 
and has reported an evolution of 415 to 44 
cal/C,H,-unit, the concentration of the sol 


? 


being 3.3 percent by weight. This evolution 
heat is only about half of that obtained i 
work reported in this paper in which styren 
the solvent, and the concentration was 6.9 p: 
cent. 

Votinov, Kobeko, and Marei [39] derived t! 
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23 keal/mole for the heat of depolymeriza- 
f polystyrene from the difference in activa- 
iergies of polymerization and depolymeriza- 
They also reported, without experimental 
the values 9,831 and 10,041 cal/g (1023.8 
045.7 kcal/mole of monomer) for the heats of 
istion of polymer and monomer, respectively, 
1.9 keal/mole for the heat of polymerization 
styrene derived from the values of heat of 
mbustion. 
Stanley [40] reported the value 20 kcal/mole of 
onomer for the heat of polymerization in styrene 
tion. The source of this figure was not given. 
Direct measurements of the heat evolved during 
olymerization of styrene were made by Gold- 
Josefowitz, and Mark [2]. They reported 
value 15.0 keal/mole of monomer for the heat 
polymerization, at 70° to 140° C, the final 
roduct being a solution in which the monomer 


hie 


as 35 to 85 percent polymerized. 
Direct [1] of the heat of poly- 
erization of styrene made at the low temperature 


measurements 


beratory of the Bureau have produced the result 
which is in good 


17.54 


7.8 keal/mole of monomer, 


greement with the corresponding value 


al/mole of monomer reported in this paper. 
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Torsion of a Rubber Cylinder 


By Ronald S. Rivlin * 


It has been predicted theoretically that, in general, a right-circular cylinder of incom- 
pressible, highly elastic material, which is isotropic in its undeformed state, cannot be held 
in a state of pure torsional deformation by means of a torsional couple alone. In addition, 
normal surface tractions must be exerted over the plane ends of the cylinder. These normal 
surface tractions depend on the amount of torsion and on position on the plane ends of the 
cylinder. Experiments are reported here in which this phenomenon is observed in a right- 
cireular cylinder of pure gum compound. The dependence of the surface traction on amount 
of torsion and its distribution over the surface of the cylinder is studied by measuring the 


bulging of the rubber into small holes in a metal plate on one end of the cylinder. 


I. Introduction 


In a series of papers that is pending publication 
sewhere,' the mechanical properties of highly 
astic materials, such as rubber, which can be 
sumed incompressible and isotropic in their un- 
formed state, are discussed in terms of a stored- 
ergy function, W. This stored-energy function 
: specified in terms of the invariants of strain. It 
shown that, once W is specified in this manner, 

forces, Which must be applied in order to sup- 
rt any given state of deformation, can be cal- 


ated. This calculation has been carried out for 
pure torsional deformation of a right-circular 
vlinder, for an assumed stored-energy function of 
plest possible type and subsequently for any 
neral form of stored-energy function. 
The theory predicts that in order to produce a 
ire torsion in the cylinder, a torsional couple 
ist be exerted on the plane ends of the cylinder, 
the classical theory of elasticity for smal! 
In addition, normal tractions must 
The distribution 


formations. 
exerted over these surfaces. 
these normal tractions over the ends of the 
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cylinder and their dependence on the amount of 
torsion have been calculated for any specified form 
of the stored-energy function. 

In this paper experiments are reported in which 
this distribution and dependence on amount of 
torsion is measured for a cylinder of pure-gum 
compound, on the assumption that the surface 
traction is bulging of the 
rubber into small holes in a metal plate on one end 


measurable by the 
of the cylinder. The results obtained are com- 
pared with those derived theoretically for two 
simple forms of the assumed stored-energy func- 
Agreement, within the accuracy of the 
obtained if 


tion. 
experiments, Is the stored-energy 
function has a form equivalent to that put for- 
ward for rubber by Mooney.? This form involves 


two physical constants for the material. 


II. Specification of the Stored-Energy 


Function 
The stored-energy function for an ideal per- 
fectly elastic material may be completely defined 
in the following manner. If a cube of the material, 
of unit edge, is subjected to a pure, homogenous 


deformation in which it is deformed into a cuboid 


M. Mooney, J. Applied Phys. 11, 582 (1940 
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\» by As, then the strain 
invariants J,, J>, and J, are defined as 


of dimensions \, by 


If the material is isotropic in its undeformed 
state, the energy stored in the deformed cube is 
the stored-energy function for the 
material. It must be a function of J,, Jo, and Js, 
provided it depends only on the state of deforma- 


defined as 


tion of the cube and not on the manner in which 
the deformation is reached. Once the form of this 
function is specified, the mechanical properties of 
any body of this material are, in principle, com- 
pletely determinate and are purely a matter for 
calculation, provided such phenomena as internal 
friction and creep are negligible. 

For an incompressible material, the volume of 
the cube considered is unaltered in the deforma- 
tion, so that 

(2) 
Then W, the stored-energy function, is given by 


W=W(1,,d)). 


In general, the form of the function W(J,, J.) 
will be such that when the body is undeformed 


W=0 
Ill. Torsion of a Right-Circular Cylinder 


Let us consider a right-circular cylinder of 
radius, a, and length, /, of incompressible material, 
for which the stored-energy function, W, is given 
by eq 3. It has been shown that, in such a body, 
a pure torsion, in which each circular cross section 
of the cylinder is turned in its own plane through 
an angle ¢(=yz) proportional to its distance 

from one end, can be maintained by the applica- 
tion of surface tractions alone. The necessary 
system of surface tractions is indeterminate to 
the extent of an arbitrary hydrostatic pressure, 
but if the surface tractions applied to the curved 
surface of the cylinder are zero, then the surface 
tractions that must be applied to the plane ends 
have been calculated as (1) tangential surface 
tractions, 0, acting azimuthally in the deformed 


state of the evlinder these effectively act as a 
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torsional couple on the cylinder), and 
surface tractions, 7. 

6 and 7 are measured per unit area of the « 
faces on which they act and their dist riby;;, 
over the plane ends of the cylinder and depend, 
on ¥ are given by 


; ow. ow 
ray 2vr (37 + a7 ) 


Z aya (OW ea [": (ew 


ol, ol, 
OW if Ww 

2 +-(3-+-wW*r-) +(2 

2 v" (azar) P 

>| oW =) ,/ oF oF’) 

“Lol OF, Jeocl Lele \Ols 
in which r is the distance of the point consid 
from the axis of the cylinder. OW/O/,, OW 
o’W’/O/,?, etc. are, in general, functions of / 
/,, which can be calculated if the form of W(/ 


is known. For the deformation considered 


vr 


We shall consider here two particular choices 
the form of the stored-energy function, VJ 
which eq 4 are considerably simplified. 

In the series of papers (see footnote 1) n 
tioned above, particular attention was paid to 
stored-energy function given by 


W=C,(/,—3), 


when C, is a physical constant characterizing | 
material. Materials for which eq 6 are valid w 
described as incompressible, neo-Hookean 
terials. 

The particular interest residing in this cho 
of the stored-energy function rests on the f 
that (1 
from the point of view of the formulation o! 


it is the simplest choice that can be ma 


theory of large elastic deformations; 
form derived by Treloar,’ for an ideal 
on the basis of the kinetic theory of large « 
deformations 

Equation 6 is a particular form, obtai 
making (,—0, of the relation 
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as first suggested by Mooney (see footnote 
\itable for describing the elastic properties 
ber. It is noted that eq 7 involves two 
| constants for the material, C; and C). 
| 7 is introducted into eq 4, we obtain 


O=2yr(C,+C,) 
Z 2y°a°c, y¥ a =) (C; o¢ 9). (S) 


he equations for 8 and Z, when W takes the 
m of eq 6, can be obtained by putting C,=0 


iS 


We see that if the physical properties of the 


terial are represented by either eq 6 or 7, the 

Z, that must be exerted at each point is 
oportional to the square of the amount of 
sion. If eq 6 applies, Z must everywhere 
thrust 
itive), which is distributed over the diameter 


ve the nature of as C\ is essentially 


a plane and as shown in figure 1 (a If eq 7 
plies, then Z does not vanish at the periphery 
here r=a), and provided C, is positive and 
sufficiently small compared with C\, its distribu- 


will have the form shown in figure 1 (b). 























a 
Distribu 


plane ends o 


( I 
IV. Experimental Procedure 


The experiments which will he described in} this 
aper have as their object the study of the distri- 
m of the normal force, Z, defined in the pre- 


ous section, and its dependence on the amount of 


a preliminary qualitative experiment a rubber 
der of pure gum compound, with brass plates 
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bonded onto its plane ends, was subjected to a 
torsional couple by means of a lever attached to 
one of the ends, while the other end was held in a 
vise. It was found that unless a longitudinal 
thrust was intentionally exerted parallel to the 
axis of the cylinder, the cylinder elongated, its 
axial cross section before and after torsion being 
shown roughly in figure 2. This simple experiment 


L J 
S ‘ 




















y 


Arial cross section oJ cylinde 7 befo e and ajter 























FIGURE 2 
twisting by co iple. 


bears out the mathematical conclusion that a pure 
torsional couple does not give rise to a pure tor- 
sion. Clearly, if a pure torsion is to be obtained, 
normal compressive forces, whose resultant must 
have the nature of a thrust, must be exerted over 
the plane ends of the cylinder. This is in general 
agreement with the theoretical predictions out- 
lined in the previous section. 

Consequently, an apparatus was designed in 
which the pure-gum cylinder, to whose plane ends 
brass disks are bonded, is restrained from elongat- 
ing. So, when one disk is rotated with respect to 
the other by the application of a torsional couple, 
the longitudinal thrusts required for the produc- 
tion of a pure torsion in the rubber cylinder are 
automatically called into play. The upper brass 
disk, .A, contains five circular holes, each ‘4-in. in 
diameter, varying in distance from the center and 
spaced as shown in figure 3, in order to have as 
little mutual interaction as possible. The lower 
disk, B, has rigidly attached to it a steel disk, C 

The assembly of rubber cvlinder and disks A, 
B, and C is held in a robust steel frame, J), as 
shown in figure 4. The upper disk is rigidly at- 
tached to the frame and the lower disk is cal able 
of being rotated in its own plane about its axis, by 


means of a crowbar whick is introduced into one of 
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a series of holes in steel disk C. Provision is made The bulging represents a small defo: matiofifh.:|) 
for holding the cylinder in a state of torsion by superposed on a relatively large torsional d: forms) make 
means of steel pegs, which can be introduced into tion. At each of the holes this torsional d: ormlll dyecd 
one of the holes, /, in the frame. A scale is also tion approximates to a state of simple shea of yf pasure 
provided for measuring the angle through which amount depending on the amount of the | orsiedl 9 002 
the lower disk is rotated and the position of the hole considered Ty#ih wh 
When this disk is rotated, the rubber bulges assumption that the amount of bulging is opor t on 
slightly in the holes in disk A, and the amount of tional to the normal force tending to produce it. i The | 
this bulging is assumed to be proportional to the equivalent to an assumption that the former doe posi 
thrust which would have to be exerted to prevent not depend greatly on the state of simple shear, 
the bulging. which the bulging deformation is superpos: 
There are certain theoretical reasons for assumi 
that this is approximately valid in the experimen: 
described here. 
In order to produce a simple extension in 
(s) cylinder superposed on the simple torsion, a 
additional normal surface traction must be exert: The 1 
over each of the plane ends. If the stored-energ, begs 


function of the material for the cylinder has thy 
() C) (2) form of eq 6, it has been shown (see footnote z : 
that this additional normal surface traction i adder 
independent of the amount of torsion and of posi kot 


tion on the surface of the cylinder. The stres 
distribution in the neighborhood of the hole ; 


complex, but for small deformations it is reasonab); 
(*) to assume that the amount of bulge in each hole 


is dependent only on the force tending to produc: 


rts b 


the bulging and not on the amount of torsion « 


Fi TRE 3 { p pe hrass disk 


position of the hole, except insofar as this force 
determined by them. This conclusion shou 
be approximately valid if the stored-energy fun 
tion has the form of eq 7, provided (C, is small The 
compared with (,. However, there is no reaso 2 in 
to believe that it should be true for every possiblefMé cach 
form of the stored energy function. of th 
The amount d of the bulging in each of the holes 
is measured at the center of the hole, for various 
angles of rotation, 6, of disk B, by means of a di 
gage. The top of disk A is ground flat and use 
as a reference plane in carrying out this measur Equi 
ment. peril 
V. Experimental Results d @ 


If eq 8 is valid for Z, then the relation betwee 
d and @ should be 


d= K@(2a*C, + (a?—r*) (C,;—2C,)], 9 d 


where K is some constant of proportionality, r is HP! t! 


E now taken as the distance of the center of the ho tT 





from the center of the disk. This assumption 's fRach 
Figure 4.— The torsion apparatus. justified if the radius of each hole is small compare: 
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at of the cylinder, but it is impracticable 

e it too small as the values of d are thereby 

The repeatability with which d could be 

asured in the experiment was estimated as 

.002 in. using the same dial gage. The accuracy 

hich @ could be measured in the arrange- 
mployed was 

The gum compound used had the following 


position in parts by weight: 


Rubber 

Sulfur 3.0 
Captax 8 
Stearic acid 0 
Agerite 0 
Zine oxide 5. 0 
Tuads OS 


The mix was vulcanized for 30 min at 134° C 

In order to produce a strong bond between the 

brass plates, a “‘tie gum’’ layer, less than ‘2 in. 

hick, was introduced between the main rubber 
inder and each of the brass plates and a cement 
irketed as “Reanite, No. 3615” 


‘he composition of the “tie gum” layer was, in 


was employed. 


rts by weight, 


Rubber 100 


Stearic acid 


0 
Zine oxide 5. 0 


Thermatomic black 10 


Captax 


l 
Sulfur 3. é 
l 


The rubber cylinder employed had a radius of 
2 in. and a length of 1 in. The holes in disk 
ach had a diameter of \ in., and the distances, 


of their centers from the center of the disk are: 


Hole num- 


ber 2 : 4 » 
in in. 0. 85 47 1. 69 


Equation 9 suggests that the results of the 
periments be plotted as a relation between d 
( # on linear graph paper. This should yield 
straight line passing through the origin for each 
This is done in figure 5 for each of the five holes, 
dit is seen that the linear relations between d 
d # of eq 9 are borne out within the accuracy 
he experiment. 

slope, m, of the straight line obtained for 

hole is the Ki20C,+ (a@—r 

(,)] for that hole, and if this is plotted 


value of 
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Relation between displacement and the square 


Figure 5. 


os the angle of torston 


against (a?—r*), a straight line should be obtained, 


which passes through the origin if C,=0 and 
otherwise gives an intercept of 2a°CL,AK on the 


m-axis. If m is plotted against (a’—r*) as in 


hgure 6, 
the experiment, the relation eq 9 between d/# 


it is seen that, within the accuracy of 


and (a?—r*) is again borne out. 


If my is the intercept of the straight line in figure 


6 on the m-axis and 6 is its slope, we have 


m=20C.K and b=K(C,;—2C,), whence 


C, 2b — 10 
c me” 


measurements on figure 6, we obtain 


deg.~?, and 6=5.65 107° in 


From 
Me=10*10~° tn. 
deg. 2 so that C Cs 7.1 
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Ficure 6 Relation between slopes of lines in figure 5 and 


positions of holes 


Ihe equation showing the relation d/ K [2a°C)+(a r2)(¢ 2 

Mooney (see footnote 2) uses the constants 
(, and (, to define three additional constants 
as follows: G=2(C,+C,; H=2(C,—C,); and 
a=H/G. He then shows that constant @ is the 


modulus of rigidity of the material. Constant 
a is named the coefficient of asymmetry. From 
the definitions it (C,/C.—1 
(C1/C,+1 

Consequently, the experimental results presented 


follows that a 


here lead to a value of 0.75 for the coefficient of 
asymmetry of the pure-gum compound studied. 
This is somewhat larger than the values found for 
Further 
work would be required to establish the variation 


two compounds studied by Mooney. 
of a with the nature of the compound 


VI. Conclusions 


The experiments bear out the general conclusion 
of the theory that in order to produce pure torsion 
in a rubber cylinder, normal surface tractions 
must be exerted on the plane ends and that these 
surface tractions vary with the amount of torsion 
and the position on the plane end of the cylinder. 
If the assumption is made that the amount of 
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bulging in each hole is proportional to the fo 
producing it and does not depend on the stat, 
local strain on which the bulging is superpos 
then the results of the experiments are in 
cordance with the assumption of an expressio 
the form of eq 7 
the rubber. 
Mooney that a stored-energy function of this fo; 


for the stored-energy func tio; 
It has already been pointed out | 


describes the linear shearing stress vs. amount 


shear relation for rubber in simple shear, wit! 
fair measure of accuracy, up to reasonably | 
deformations. Also, Treloar* has recent} 


tained results in agreement with this for py 
homogeneous strain of a sheet of rubber. 

The form of eq 6 for the stored-energy funet 
is that derived from the kinetic theory of rubb 
like elasticity. 
derived from this have been compared with 


Load versus deformation relati 


perimental results for simple types of deformat 
and have yielded fairly good agreement, deper 
ing on the type of deformation employed. 

It appears then that eq 6 for the stored-ene 
function provides a first approximation to 
stored-energy function for vuleanized rubber : 
that a second approximation is provided by e 
The differences between these forms are mor 
less accentuated depending on the type of 
formation studied. 


This work forms part of a program of fun 
mental research on rubber undertaken by 
Board of the British Rubber Producers’ Resea: 
Association. The work was carried out at 
National Bureau of Standards, Washington, D. ( 


where the author is at present a guest worl 
The author is indebted to W. L. Holt of 
National Bureau of Standards for advice 


assistance in connection with the mechan 


design of the apparatus. 


WASHINGTON, February 25, 1947. 


‘L. R. G. Treloar, Trans. Faraday Soc. (pending publication 
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Compensation of the Aperture Ratio Markings of a 
Photographic Lens for Absorption, Reflection, 
and Vignetting Losses 


By Irvine C. Gardner 


At present the 


diaphragm markings of a photographic lens are 


based entirely upon 


geometrical considerations and do not take into account the losses of light resulting from 


absorption, reflection, and scattering 


for example, the 


A method of equivalent marking is described in which, 


marking 8 does not correspond to the geometrically determined aperture 


ratio 1:8 but to an opening sufficiently larger to permit the transmission of as much light 


as would be transmitted by the aperture 1:8 in the absence of any losses due to absorption, 


ete. Such asystem of apertures may - referred to as equivalent, or compensated, apertures 


vignetting into account 


compensated graduations is described 


on a lens, 


determination 





I. Introduction 


iotography is both an art and a technic. 
a few years ago it was largely empirical, 
photographer's practice being based on his 
experience with his own particular equipment. 
however, the principles underlying photo- 
hic work are so well known, and quantitative 
ons are so precisely established, that photo- 
Thi engineering may be said to have become 


| plied 


sums of money and at the same time secur- 


science. The possibility of saving 


greater uniformity of result by greater preci- 
the exposing and processing of the very 
film used for motion 


juantity of picture 


trture Ratio Photographic Lens 


sated or by the present method without compensation. 


Two systems of compensation are given, one based upon the illumination at the center of 


the field and the other based upon the average illumination over the entire field, thus taking 


A relatively simple photometric procedure for determining either of the two systems of 
For use during a transition period, a system of mark- 


ings is described that will permit exposures to be determined either with light losses compen- 


Except for the change of markings 


no other instrumental changes are required to apply the new system of exposure 


photography has constituted an economic urge 
this The develop- 


ment of the modern photoelectric exposure meter 


in favor of transformation. 
and the more general dissemination of quantita- 
the 
emulsions have made it possible not only for the 


tive information regarding properties of 
professional, but also for the skilled amateur to 


control his photographic work in a scientific 
manner. 

With this progress a demand has arisen fora 
more scientific method of marking the diaphragm 
openings of a lens. The method now in general 
use is based entirely upon the diameter of the 


entrance pupil and the equivalent focal length. 
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It gives no consideration to the loss of effective 
light 
glasses of which the lens elements are made or 


that arises because of absorption in the 


because of reflection and scattering at the surfaces. 
Photographic objectives in common use may have 
from 4 to 10 glass-air surfaces. The transmissions 
of such lenses may range from 50 to 80 percent if 
uncoated and may be as high as 95 percent if 
efficient 


the surfaces. It 


low-reflection coatings are applied to 
therefore, that the 
effective exposures for different lenses with the 


is evident, 


iris diaphragm set for the same aperture ratio, 
may vary almost by a factor of 2, an uncertainty 
that is inconsistent with the precision with which 
the other factors governing exposure are controlled. 
Several methods for calibrating and marking the 
apertures of a photographic lens that will effect 
a correction for the varying light losses with dif- 
ferent lenses have been proposed. 

This publication presents a method that is 
relatively simple and direct, and by which differ- 
ent laboratories may be expected to arrive at the 
same system of marking and equivalent values 
without the interchange of physical standards. 
The method is extended to apply to lenses when 
focused for infinity or for any finite distance, and 
a system for marking the diaphragm scale is 
suggested. In order to distinguish between the 
older and newer systems of marking, the aperture 
ratio of the older system, based on geometrical 
measurements only, will be referred to as the 
The 


ratio, which takes the absorption and reflection 


geometrical aperture ratio new aperture 
losses into consideration will, for present purposes, 
Other 
terms that might be used are compensated aperture 
the ¢ standing for 


transmission as suggested by Berlant.' 


be designated the equivalent aperture ratio. 


ratio, and t-a perture ratio, 
Consider- 
ation is also given to the difference in performance 


of different lenses because of vignetting. 


Il. Method of Calibration for Infinite 
Object Distance 


In figure 1, L 
that receives light from the uniformly illuminated 
CD. In the focal plane the 
plate GH, with the aperture of area A centered at 


represents a photographic lens 


screen there is 


J. Soe. Motion Picture 
Daily A lens calibrating system, J. Soc 
Murray, The 
Engrs. 46, 142 (1946 


E. Berlant, Lens stop calibration by 
Eners. 46, 17 (1048); ¢ kK 
Motion Picture Engrs. 46, 343 (104 A. E 
spertures, J. Soc. M 


transmission 


photometric 


libration of lens tion Picture 
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O. Behind this aperture there is a phot 
cell with receiver R, which is large en 
receive all the luminous flux from screen (/ 
transmitted by the photographie lens 
aperture at O. The full lines represent th 
ary of the cone of rays proceeding from th; 
to the axial point of the focal plane. In th 
space the cone degenerates into a cylir 
which the diameter is d. In the image sp 
half-angle of the cone is a, where a is defi 
the equation * 


sin a 

















Figure | Arrange ment o} apparatus Sor measuren 


total luminous flux transmitted through a photogra 
objective and through an aperture of area A 


plane at 0. 


The geometrical aperture ratio is 1:1/(2 sin @ 


The aperture ratio of the lens, for an infinity 
distant object, is 1: f/d, and f/d is the f-numb 
It is evident that 


. l 
f-number=,—. 
‘ - Sina 

In figure 2, CD represents a uniformly illw 
nated that of 
Sereen GH with aperture, of area A at 0, a 


screen identical with figure 
photoelectric cell with receiver R are identi 
with the similar parts of figure 1. At JJ, at 


distance e from the plane G//, there is a circula 


diaphragm of diameter such that the angle 


figure 2 equals the corresponding angle of figur 
For the moment it will be assumed that the lengt! 
e, is identical with the equivalent focal length 
the photographic objective of figure 1. If B 


There is a temptation to write this equation tan a=d/2/, but 


s Suitably corrected for coma, a necessary condition for a pt! 


objective, eq 1 is correct 
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" whi 


é doe: 


urpose 


s suffice 
1X ine 
For th 
ipertur 
ire idea 
no refle 





brivhtness * of the screen CD, and if one as- 
mes a very small area, 4A, at 0, normal to the 
.is of the lens and including the axial point, the 
tal luminous flux AF received by this area is 


ven by the equation 









it ( 

se obi: AF= BAA sin’ a, (3) 
pace tgpis being exact in the limit as 4A approaches 
‘od pero. Lf it is assumed that the actual area at O, 












urE 2.—Arrangement of apparatus for measurement of 
tal luminous flux transmitted through aperture IJ and 


hrough the aperture of area A at O. 





sflux equivalent to that transmitted by a lens free from absorption 





reflection losses and with the aperture ratio 1:1/(2sin @ 







r which the incident luminous flux is measured 
is & Maximum radius, r, such that the ratio 
e does not exceed 0.02, for most photographic 







finitempurposes, the equation 






uml 





F=BA sin’ a (4) 





s sufficiently exact, where F is the total luminous 
lux incident upon the area A in the focal plane. 





for the arrangement of figure 2 the geometrical 
iperture ratio and the equivalent aperture ratio 






ire identical, because for the opening, J.J, there are 





0 reflection or absorption losses. 





Throughout this discussion the terms illumination and brightness are em- 





These terms usually refer to measures of radiant energy evaluated 
of the luminosity curve and apply strictly only when the energy 
Strictly 






r is the eye or a detector having the same sensitivity curve 





eaking, when discussing photographic applications, terms referring to 





ant energy evaluated in terms of the wavelength sensitivity of the photo- 
This paper is concerned chiefly with ratios 





iphic emulsion should be used 
A milar measurements of radiant energy and, inasmuch as optical glass, 






ibsorbing material concerned shows little selectivity over the range 





wavelengths under consideration, all equations are true, to a satisfactory 
proximation, whether they are considered to apply to light (in the restricted 
r to radiant energy affected by the photographic sensitivity curve 
fication for the use of the terms applying to light is greater because 








been no general agreement on terms to be applied to radiant energy 





in terms of photographic sensitivity. 
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Referring now to figure 1, the total luminous 
flux, F, falling upon the area A will be given with 
sufficient exactness by the equation 


F’ = BAk sin*a, (5) 


k being the transmittance of the lens. 

The valves of F and F’ will be indicated by the 
photocell, if it is suitably calibrated. It is at once 
apparent that if B, A, and a@ are held constant for 
the two measurements, the transmittance is given 
by the equation. 

f ¢ (6) 
Ff 


On the other hand, suppose that the iris of the 
photographic lens or the diaphragm, J.J, of figure 
2 is adjusted until F=F”’. Let a be the value of 
the half-angle of the cone in figure 2 for which this 
equality is obtained. The aperture ratio corre- 
sponding to a is 1: (1/(2sin a,)) and the f-number is 
1/(2 sin a). For this adjustment, it follows that 
the light transmitted by the photographic lens is 
equal to that which would be transmitted by a lens 
of zero absorption and with the aperture ratio 1: 
(1/(2 sin a@,)). This method, therefore, provides a 
means for calibrating a lens in such a manner that 
the absorption losses are compensated. 

Table 1 gives the values of @ corresponding to 
values of the aperture ratio that are commonly 
represented on photographic shutters. 


TaBLe 1.—Half-angles, a, corresponding to standard 
aperture ratios 
Aperture ratio a Aperture ratio a 
Degrees Degrees 
1:1.4 20. 77 1:11.3 2. 53 
1:2.0 14. 48 1:16. O 1.79 
2. & 10. 18 1:22. 6 1. 27 
1:4. 0k 7. 18 1:32. 0 Oo. 8065 
1:5. Ge 5. 07 1:45. 2 633 
1:8. Oh 3. 58 1:64. Oj 447 






To calibrate a lens, therefore, it is only neces- 
sary to have a series of diaphragms that, for the 
length ¢, will correspond to the different required 
values of a. A photocell reading is taken with 
the arrangement of figure 2, after which the photo- 
graphic lens is substituted for the diaphragm and 
the iris adjusted until the same reading is obtained. 
This setting corresponds to the given geornetrical 
aperture ratio and zero absorption. If, on the 
other hand, it is desired to determine the equiva- 
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lent aperture ratio corresponding to the maximum 
indicated geometrical aperture ratio, it is neces- 
sary to secure the balance between measurements 
of figures 1 and 2 by adjusting the diameter of 
aperture J.J in figure 2 

Some of the details and necessary precautions 
can now be profitably considered. It is not 
necessary that length e¢ of figure 2 be exactly equal 
to the focal length of the lens being tested, pro- 
vided that the correct ratio is maintained between 
It is desirable 
be approximately equal (within 5% is 
that the approximation 
introduced by the finite area A shall not differ 
greatly for the two measurements. Area A must 
be definitely limited and, when the lens is used, 
it should be located accurately in the focal plane. 
A suitable way to achieve this is by the use of a 
metal plate in the focal plane with a circular 
aperture of the desired area and a photocell back 
of the aperture with a receiver large enough to 
receive all the light that passes through the open- 
Such a plate is indicated at GH in figures | 
and 2. The dotted lines in figure 1 and 2 indicate 
the portion of the screen CD that contributes to 
the illumination at 0. It is evident that the 
contributing areas for the lens and for the aperture 
will be smaller and more nearly identical if the 


e and the diameter of the aperture. 
that ¢ 


satisfactory) in order 


ing. 


screen CD be brought close to the lens or dia- 
phragm respectively. 

It is therefore recommended that screen CD be 
placed immediately in front of the lens and illu- 
Uniform bright- 
more 


minated by transmitted light. 
ness of the thus 
easily obtained, and deficiencies in uniformity of 


smaller area utilized is 
illumination become less important as the areas 
utilized during the two measurements become 
more nearly identical. It is, of course, essential 
that the brightness of the screen have the same 
value for the measurement with the diaphragm 
and with the lens. It 
parts of screen CD contributing to either measure- 
In other words, a 


is also assumed that all 


ment obey Lambert’s law. 
collimated beam or a surface giving specular 
reflection should not be used. 

There are variations of the experiment that sug- 
gest themselves. For the 
screen CD, an integrating sphere may be substi- 
tuted 
may 


receiver at CD. 


evenly illuminated 
Furthermore, the directions of the light 
with O and the 
In this latter case, if CD is not 


be reversed the source at 
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replaced by an integrating sphere, the re: 

the light-sensitive element must be larg: 

to receive all the luminous flux, and it : 
uniformly sensitive over the entire area 
requirement can be most easily met if the | 
is placed near lens L or aperture J.J, as the r 
size is then greatly reduced. 

Strictly speaking, the spectral quality of the lig} 
proceeding from source CD when the measurement 
are made should be identical with that reflect, 
from the object to be photographed, and the spe 
tral sensitivity of the photocell should be identic; 
When th 


great variations usually present in the spectr 


with that of the emulsion to be used. 


quality of the light proceeding to a lens from 
object to be photographed are considered, it 
evident that it is not practicable to fulfill th 
Fortunately, the 
photographic lens is not particularly selective fo 
different parts of the spectrum, and the valu 
of k for a given lens will not differ greatly as th 
spectral distribution of the light illuminatin 
CD for 
standardization is and it 


condition. absorption of 


screen is changed. However, precis 


work, desirable, 
accordingly suggested that tungsten lamps ope: 
ating at a of 2,360° K b 


used in conjunction with Wratten No. 79 filters 


color temperature 


This gives light having a color temperatur 
approximately that of the noon sun (5,400° K 
The use of a controlled source facilitates int 
comparison between measurements at differe 
the 


standardized source, if screen CD is illuminat 


laboratories. Even in absence of such 

by tungsten lamps operating at normal voltag: 
and if the photocell has a spectral sensitivity 
similar to that of the commercial exposure meter 
the use of the equivalent aperture ratios, measure: 
by the method of this presentation, will be muc! 
more precise and accurate than the use of th: 


geometrical aperture ratios. 


III. Method of Indicating Equivalent Aper 
ture Ratios 


According to the current method of determining 
aperture ratio, the diaphragm markings on the 
lenses will not yield consistent exposures from len 
tolens. Either the speed ratings of the emulsions 
or the computing tables on the exposure meter 
or both, may be considered as adjusted to give 
the correct exposure for some average value of 
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rad equivalent aperture ratios. To 


pur of graduations there is a dot. 
graphic lenses. 


next smaller geometric aperture ratio. 


the equivalent aperture ratio 1: 


typical of photographic objectives. For a 

iving a value of /) smaller than this average 
lue, the result will be underexposure, and for a 
iving a higher value (for example, a coated 


If this 


would be 


ens | 
result will be 
ssumed value of &, known, it 
wssible to alter the speed rating of the emulsions 


ens), the overexposure. 


were 


give correct exposure with lenses graduated to 
illustrate, 
fit were known that the value of k, is 0.76, for the 
verage lens‘ is the basis on which the computation 
bles of a certain make of exposure meter rests, 


the speed rating of a photographic emulsion for 


se with the equivalent aperture ratios should be 


ncreased by the factor 1/0.76. Once this adjust- 


ment of speed ratings has been made, exposures 


hould be selfeonsistent for all lenses graduated 
terms of the equivalent aperture ratio. 
Figure 3 A shows the diaphragm markings ef a 

ens developed into a linear scale. Between each 


The indicated 


craduations with numbers correspond to the geo- 


trical aperture ratios as now marked on photo- 
The dots correspond to the equli- 
alent aperture ratios, each dot representing the 
quivalent aperture ratio of the same value as the 
To illus- 


trate, the dot between 2.8 and 4 corresponds to 


4, and similarly, 


the dot between 5.6 and Scorresponds tothe equi- 


alent ratio 1:8. Such dots in red have been used 
t times on photographic lenses.® 

This method of marking may not be entirely 
nambiguous, as there is a possibility of allocating 
he dot to the incorrect one of the two adjacent 


stop numbers. Consequently, the marking shown 


n figure 3B is suggested. In this case a line, pref- 
rably red, is drawn connecting the setting for the 
quivalent aperture ratio to the corresponding 
seometrical aperture ratio graduation. The length 
f this line indicates the extent to which a lens 
iperture must be opened beyond a given geometric 
ratio to compensate for the loss of light 
Having 


lpertur 
esulting from reflection and absorption. 
i lens doubly marked in this manner is certainly 
an advantage during a period of transition when 
one is changing from the regular use of one set of 


markings to the other. In addition to marking 


N. Goodwin, Jr., J. Soe. Motion Picture Eners. 20, 95 (1933 
C. Foot Bell & Howell Co. has 


made photographs av 


mentioned this type of marking 


silable of a graduated Leica lens 
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the lenses, the only change required is the publi- 
cation of a new set of speed ratings. During the 
transition period the manufacturers might well 


give two sets of speed ratings in their tables, one in 










































































8 
Fiat Methods of indicating the effects of aperture 


ratios. 


1, Aperture scale of a typical lens with the geometric aperture ratios tndi- 
cated by the graduations and numbers in the conventional manner. Dots 
which preferably are in red) indicate the settings for the equivalent aperture 
ratios lo illustrate, the dot between the graduations 5.6 and 8 corresponds 
to the equivalent aperture 1:8; B, preferred system of marking the equivalent 
aperture ratios in which a line (preferably red) connects the setting for a given 
equivalent aperture ratio with the geometrical aperture ratio having the same 


numerical valuc 


black for use with the geometrical aperture ratios, 
and one in red for use with the equivalent aperture 
ratios. Even after the use of the equivalent aper- 
ture ratios has become general, it might well be 
desirable to retain the double system of marking 


on photographic lenses because the geometrical 


aperture ratios apply more precisely to the depth 
of focus scales with which many cameras are now 


provided. 
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IV. Effect of Vignetting 


The measurements of section II have been con- 
cerned only with the illumination on the axis of 
the lens. In figure 2, if the aperture O and 
receiver R are displaced the distance ¢ tan 8 in a 
direction normal to the axis of the diaphragm, as 
shown in figure 4, a measure of the flux corre- 


G 


tanB 


Clie 














Figure 4.—Arrangement of apparatus for measuring the 


total flux transmitted through aperture IJ and through the 


aperture of area A displaced from the axial position. 


The measurements made with arrangements indicated in figures 2 and 4 
give a measurement of the decrease of illumination for points off the axis when 
there is no vignetting. 


sponding to an image point at an angular displace- 
ment, 8, from the axis is obtained. This will be 
less than the axial value because of the operation 
of the “cosine fourth-power law,” which is a 
statement that the illumination in the field of a 
photographic lens varies as the fourth power of 
the cosine of the angular distance from the center 
of the field provided that the diameters of all 
elements of the lens system are so great that the 
iris of the lens is the only part of the system that 
restricts the cone of transmitted rays. Although 
this last restriction is seldom fulfilled over the 
entire field of a lens, it should be noted that even 
when this condition is complied with, the cosine 
fourth-power law is an approximate rather than 
an exact statement. 

The ratio of the illumination at the off-axis 
position to the axial value gives a measure of the 
decrease of illumination as the image point moves 
from the center of the field outward. Let F; and 
F, be the fluxes measured by the apparatus, as 
Then the 
ratio F;/F, gives the ratio of the exposures 8 


shown in figures 2 and 5 respectively. 
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degrees from the axis and on the axis for 
lens with no absorption and no vignetting 
The ratio F3/F, will approximately equa! cos‘g 
Similarly, for the arrangement of figure | 
aperture O and receiver R may be displace 
through the distance f tan 8 and a measuremey 
of the illumination made. It will be assume 
that the iris is set for an equivalent apertuyp 
ratio the same as that for the measurements 
figures 2 and 4. We now have four readings 
F,’, the axial value for the arrangement of figur 
1; Fy’, the reading for the arrangment of figur 
1 with the measurement made 8 degrees from thy 
axis; and F, and F. Since the equivalent aper 
ture ratios are assumed to be the same in a! 
Fy. The ratio F,’/F3 gives a measur 
of the vignetting, i. e., the falling off in illumina 
tion beyond that attributable to an ideal lens 
However, the ratio F,’/F,’ is the more useful rati 
to the lens user because it gives directly the rati 
of the exposure obtained at a point 8 degrees 
from the axis to that obtained on the axis. 
Different types of lenses differ greatly in th: 
amount of vignetting. A lens system that is lon 
in comparison with its focal length requires much 


i ides 


cases, F,’ 


larger elements than a short lens system if vi- 
gnetting is to be avoided or reduced to a satis- 
factory value. 
that the aberrations for the marginal parts of th: 
field are excessive. 
apparent when there 
because the lens is, in effect, stopped down at th 
edge of the field much more than at the center 
Excessive vignetting is sometimes found in fol- 


Sometimes a lens system is such 


is considerable vignetting 


ing hand cameras because the manufacturer, 

order to make the camera compact, makes th 
lens elements small. If, for example, the lens is 
rated as an //2, this relative aperture may apply 
only at the center of the field, the exposure fall- 
ing off very sharply for the corners of the pictur 


*“Vignetting” is ambiguous unless defined. It may reasonably be « 
plied to include all the decrease of illumination that arises at an off-axis 1 
in the image-plane of a photographic objective, or the term may be used 
apply only to the decrease of illumination which arises because of restrict 
action of parts of the lens mount or lens elements and which is in exces 
that necessarily occurring with an ideal lens. Following the custor 
several writers, the second application is used in this discussion. In accor 
ance with this interpretation, there is po vignetting for the system of figure 4 

’ This is not strictly true, because the illumination resulting fror 
aperture of fig. 2 does not fall off exactly as the fourth power of the 
The diaphragm, however, represents a convenient standard that 
reproduced without difficulty at different laboratories and it follow 
cosine fourth-power law as closely as do most lenses in common us: 
approximation is better for the smaller apertures and for points 1 
axis. To illustrate, for points distant 40 degree from the axis, the dey 
are 7.6, 1.8, and 0.4 percent for the aperture ratios 1:2, 1:4, and 1:8 resp 
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vor such a lens, the vignetting rapidly becomes 
3s the lens is stopped down, and such an 
rangement does not necessarily represent an 
The 
bact camera without excessive vignetting for the 
perture ratios that are usually used with modern 


ndesirable compromise. user has a com- 


apid film and at the same time has high speed, 
: least for the central part of the picture, for 
the occasions when it is required. However, 
shen exposures are made on color film with the 
maximum aperture, such vignetting, because of 
the generally reduced latitude of color film, may 
from the effectiveness of 


sufficient to detraet 


the picture 


. System of Stop Calibration that Gives 
Weight to Vignetting 


The method of stop calibration of section II 
ompensates for the different transmittances of 
fferent 
quivalent exposures at the center of the image 
the same 


photographic objectives and insures 


ld for different lenses when used at 
it does not 
different 
differences in 


quivalent aperture ratios. However, 
the 


because of 


behaviors of 
the 
5 the arrangement is the 


stinguish between 
that 


gnetting 


arise 


In figure 


enses 























uRE 5.—The in plate GH includes the entire 


field of view utilized when the lens is mounted for use in a 


aperture 


nera,. 
measurement of luminous flux obtained under this condition is char- 


Lic of the average illumination over the entire field instead of the 
ition at the center of the field as obtained by the arrangement of 


Aperture Ratio Photographic Lens 


same as for figure 1, except that instead of meas- 
suring the illumination of a small area near the 
axis, the total flux received by an area in the focal 
plane identical with the picture frame is measured. 
Similarly, for the comparative measurement with 
an aperture only, the arrangement of figure 2 is 
modified to give a measurement of the flux 
received by the entire field. The equivalent 
aperture ratios, as before, are considered equal 
when the two flux measurements are equal. If ¢ 
of figure 2 and / of figure 6 are not equal, the 
angular subtenses of the two field-stops at the 
center of the diaphragm and exit pupil of lenses 
must be equal when the two measurements of 
flux are made, and the differences in area should 
be considered. For photographic purposes, the 
agreement will be satisfactory, provided that the 
two field apertures are identical and the value of 
e and f do not differ by more than 1 percent. 

For a motion-picture camera or a miniature 
camera, the field aperture required is small, and it 
is generally not too difficult to make the measure 
as outlined. If the picture frame is large, it may 
be desirable to reverse the direction of travel of the 
light by using an integrating sphere to illuminate 
the picture frame. The total flux is then measured 
by a photoelectric element with a receiver large 
enough to receive all the light that passes through 
the lens. By this reversal of the direction of travel 
of the light, a photocell with a receiver smaller 
than otherwise applicable can be used. 

If the iris of a lens is calibrated by the two 
methods, measuring central illumination only and 
measuring the flux received by the entire field, it 
will be found that the calibrations, in general, are 
different. 
methods are based upon different assumptions. 
In the method first described, a given equivalent 
aperture ratio corresponds to a definite illumina- 
According 


This is understandable because the two 


tion at the center of the image field. 
to the second method, the use of the equivalent 
aperture ratio corresponds to a given average 
illumination over the entire field. For a lens that 
has a large amount of vignetting, a given geometric 
aperture ratio will correspond to a smaller equiva- 
lent aperture ratio than for a lens with less vignet- 
ting. Both methods of calibration have advan- 
tages, and it is probable that the different stand- 
ardizing groups interested in photographic pro- 
cedure should carefully consider the two methods 
and make recommendations governing their use. 
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VI. Calibrations of Stop for Finite Object 
Distances 


In the foregoing discussion, it has been tacitly 
assumed that the object to be photographed is at 
infinite”’ 


distance and that the image will con- 
This 


is the basis on which the values of the geometric 


an 
sequently lie in the focal plane of the lens. 


aperture ratio are engraved on the lens mounts, 
and it is an entirely satisfactory procedure for a 
large amount of photographic work. If, for ex- 
ample, the object instead of being at an “infinite” 
distance is only 10 focal lengths away, the dis- 
tance from lens to focal plane is only increased by 
10 percent of the equivalent focal length and, for 
many applications, the error in exposure resulting 
from using the values corresponding to the image 
in the focal plane will not be excessive. 

Lenses for copying purposes and some other 
types are habitually used with the object distant 
only a few focal lengths from the lens. In such 
instances it is highly desirable that the aperture 


ratios be marked for one or more selected object 
. 


distances approximating those which will actually 
be employed in practice. The method of stop 
calibration can be readily extended to apply to 
this problem. 

Suppose, for example, that the selected object 
distance is 2f, corresponding to the use of the 
Referring to figure 
1, plate GH bearing aperture O will be moved 
back from the lens to the image plane corre- 
Referring to 
figure 2, plane GH will be separated from the 
diaphragm by approximately the same distance 
as for the 


lens for one-to-one copying. 


sponding to one-to-one copying. 


lens. For this particular case, the 
separation would be twice the equivalent focal 
length of the lens. With this new spacing, the 
diameter of aperture J.J should be determined, 
so that sin @ has a value corresponding to a 
selected aperture ratio, as given in table 1. 
Measurements are now made as before, the dia- 
phragm setting of the lens being altered until 
the flux the When 
equality is the equivalent aperture 
ratio of the lens, for the one-to-one ratio, is equal 


two readings are same. 


obtained, 


to the geometrical aperture ratio of the diaphragm. 

If the iris markings are calibrated in this 
manner, the lens will give the same exposure for a 
given equivalent aperture ratio and one-to-one 
copying as does the same lens or any other lens 
with the calibration for infinite distances when 
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For a finite distance 
the question again arises as to whether the ¢alj 
bration should be similar to that of section || 
with exposure at the center of the field as thy 
criterion, or to the method of section LV, in whic! 


used on a distant object. 


the criterion is average exposure over the entip 
field. 


VIl. Advantages of Proposed Method o 
Lens Aperture Calibration and System 
of Lens Marking 
The foregoing text refers to several published 

The method of 

calibration and marking herein proposed offers 


papers dealing with this subject. 


advantages not possessed by any of the previously 
suggested methods: 

1. The standard aperture to which reference js 
made is an aperture of known diameter in a metal 
plate, and therefore can be readily produced by 
any laboratory. This facilitates the maintenac 
of consistent systems of graduation by different 
laboratories. 

2. Each calibration is essentially a substitutioy 
method in which the two values of flux to } 
measured are of approximately the same valu 
This largely eliminates errors arising from th 
nonlinearity of the 
apparatus and eliminates the need for carefully 
calibrated filters. 


3. No condenser or collimator system is used 


response of photometri: 


Hence the method does not involve the assump- 
tion that the distribution of energy in a colli- 
mated beam is uniform. 

4. A method of application is proposed that 
requires no modification of present models of 
exposure meters. New film-speed 
required, but presumably the data already in th 
possession of manufacturers of exposure meters 


tables ar 


will be sufficient for the preparation of thes 
tables. 

5. A system of lens marking is proposed that 
permits exposure to be determined either by th 
conventional or new method. 

6. Au extension of the method of calibratior 
has been given that permits lenses to be calibrated 
for object distances other than infinite. 

7. The calibrated value may be 
brightness of image at the center of the field or o 


based 0! 


average brightness of image over all the field 
whichever may be considered preferable. 


WasHINGTON, December 23, 1946. 
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eat Capacities of Gaseous Oxygen, Isobutane, and 


1-Butene from —30° to --90° C 


By Paul F. Wacker, Ruth K. Cheney, and Russell B. Scott 


An adiabatic constant-flow calorimeter previously used was modified to improve its 


ecumes accuracy. The heat capacity of gaseous oxygen was measured at 30°, + 40°, and + 90° C, 

cate 3 and the results were compared with values calculated from spectroscopic data. The experi- 

metal mental and spectroscopic values agreed within 0.04, 0.02, and 0.11 percent at the three 

od In temperatures. The heat capacity of isobutane was measured at 30°, +-0°, +40°, and 

hate +80° C. A few measurements were made on 1-butene at 40° and 90° C. Measurements on 

—— the hydrocarbons at two or more pressures permitted the calculation of values of (0? V/0T") p. 

tutio I. Introduction II. Materials 

to b 

valu. In an earlier investigation [1]' an apparatus was The impurities in the materials used in this in- 
n thoggdeseribed with which the specific heats of several vestigation are believed to be of such nature and 
netricyiydrocarbons were measured with an accuracy of | amounts as to have a negligible effect upon the 
efyllygbout one-half percent. Since this first paper, a specific heats. 


study of the possible sources of error suggested The oxygen was prepared from water in a filter- 
used Qpome changes in the apparatus. These changes press-type electrolytic generator used for the pro- 


ump-@esulted in a significant improvement in accuracy. —_ duction of pure hydrogen in the Bureau’s Cryo- 


colli. be apparatus was tested by making measure- genic Laboratory. It was freed of hydrogen by 
nents on oxygen, whose specific heat is accurately passing the gas over hot palladium-coated as- 
own from spectroscopic data. The results of | bestos. Then the oxygen was condensed and re- 
the test showed that errors in the present experi- evaporated four times to remove water. The prod- 
ental results are probably less than one-tenth uct is believed to be of especially high purity. 
ercent. The isobutane, designated as Research Grade 
The testing of an apparatus for the determina- Lot No. 5, was obtained from the Phillips Pe- 
on of heat capacities of gases with a material troleum Co. A determination of freezing-point 
vhose heat capacity is well known is strongly lowering by the Thermochemistry and Hydrocar- 
recommended as the consistent error in this type —_ bons Section of the National Bureau of Standards 
f apparatus may be large compared with the showed that a sample from this lot contained 
ndom error. 0.12+0.06 mole percent impurity. The sample in 
The measurements of the heat capacities of this investigation was found, by the Mass Spec- 
sobutane and 1-butene provide data that are trometry Section, to contain 0.04 mole percent 
valuable in combination with spectroscopic data diethyl ether and no more than 0.1 mole percent 
lor the calculation of thermodynamic functions n-butane. No other impurity was found. 
ver a wide range of temperature. Such measure- The 1-butene was supplied by the Phillips Pe- 
nents are most useful when they cover a consid- troleum Co. A measurement of freezing-point 
rable temperature range with high accuracy. lowering made by J. G. Aston of Pennsylvania 
Pe AER RE. Lata ei State College showed that a sample from the same 
batch had a liquid-soluble solid-insoluble impurity 
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of 0.46 percent. The Mass Spectrometry Section 
of the Bureau found the sample to contain 0.1 
mole percent n-butane. They found no other im- 
purity and were unable to detect any other bu- 
tenes. However, the mass spectrometer would 
probably fail to detect less than 1 percent of other 
butenes. 


Ill. Apparatus and Procedure 


The flow calorimeter is shown in vertical section 
in figure 1. This is the apparatus described by 
Seott and Mellors [1], except for the following 
changes suggested by some calculations of the 
heat transfer in the calorimeter by Harold W. 
Woolley: (1) The portion of the calorimeter tube 
between the cold compartment and the heater was 
lengthened from 41 to 56 mm in order to reduce 
heat conduction along the tube. The thimble, 7h, 
was correspondingly lengthened from 21 to 36 mm. 
(2) To avoid thermal contact between the calo- 
rimeter tube and the shield, S, the cord between the 
bottom of the shield and the tube was removed. 
The shield was then centered and supported from 
the outside by means of cotton-cord spacers held 
in place by a brass washer. 








Figure 1.—Scale diagram of calorimeter 


1, Liquid air; C, FI, felt insulation; CR, copper rod; 
P, propeller; I/,, 14, H-, and H,, electric heaters; R, copper resistance ther- 
mometer; 7), stirrer tube; W’, wax seal; Vac, vacuum line; J, inlet; V, throttle 
valve; O, outlet; F\, flange; TC), T'C:, and TCs, thermocouples; 7, helical 
tube; S, radiation shield; Th, metal thimble; F;, flange; B, constant tempera- 
ture bath; \/, manometer 


protecting cylinder 
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The measurements of specific heats « 
of determinations of the rate of flow of 
through the calorimeter, the electric powe 
calorimeter heater, and the rise in temper: 
the gas. Because of the pressure drop thro 
calorimeter and the resultant Joule-Thomso:) coo! 
ing, it was necessary to make auxiliary mv asure 
ments of the decrease in the temperature of {| 
flowing through the calorimeter when no pow, 
was supplied to the calorimeter heater. 

The method of making the measurements wa 
essentially the same as that previously describe, 
[1], although some improvements have been added 
The following description is a brief review of thy 
procedure, giving details only of the changes 

The gas entering the calorimeter was kept , 
nearly constant pressure by controlling the electri 
power supplied to an external boiler into whic 
the material in the liquid state was introduced 
The flow rate was fixed by setting the thrott) 
valve, V, (fig. 1) at the beginning of an experimen: 
So that the flow rate might be as constant as poss 
ble, vapors on the low pressure side were condense 
with liquid air. This was very satisfactory fo 
condensing the hydrocarbons, but when oxyge: 
was used the exhaust pressure was about 0.5 a! 
With therefore, 
ments of the specific heat at pressures below 


mosphere. oxygen, measur 
atmosphere would not have been expected to ly 
very accurate and were not carried out. 

The rate of flow of the gas through the calor 
meter was determined by condensing and weighin 
the gas that passed through in a measured tin 
interval. Because the oxygen also was handled 
in this way, it was necessary to provide a weighing 
container of about 1 liter capacity that would 
safely hold a pressure of 100 atmospheres. Before 
starting to collect a sample to be weighed, a steady 
state was established with gas flowing to the wast: 
container, and with the calorimeter heater turned 
on. Then the stream was diverted to the weigh- 
ing container for a measured interval of time. Li 
order to effect this change-over quickly and t 
measure the time interval accurately, the valy 
shown in section in figure 2 was designed. Th 
gas from the calorimeter enters at J and can pass 
either to the waste container through C 
depending on th 


, or to th 
weighing container through C,, 
position of the double-ended valve needle, 
The needle is moved by the lever, Z, which s 
operated through the strip of spring steel by th 
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H. The metal bellows, B, provides a 
ys-tizht seal, yet allows the lever to pivot about 
he put, Pe 
ised while the gas is flowing into the weighing 
tainer. This switch engages the clutch of a 
snchronous-interval timer. The of the 
terval timer is driven continuously by a standard 
~-eycle signal furnished by the Central Radio 
Propagation Laboratory of the National Bureau of 
The time can be read to 0.01 second, 


yandl 


Sw is an electric switch that remains 


motor 


Standards. 
ind it is believed that the time of operating the 


Figure 2.—Scale diagram of two-way valve. 
A 4 


switch; J metal bellows; P, pin; N 


exit to weighing container 


Handle lever; B, 
C\, exit to waste container; J, gas inlet; C2, 


Sw, electric 
f spring steel. 


om 
The 


and 


than 0.1 second. 


time 


less difference 
the the 
alve could not have caused a significant error in 
the 
letermination was 600 seconds. 


alve is 


between taken to open close 


the heat capacity, as minimum time for a 


The data on 1-butene were taken before the 
nstallation of this valve and switch but, for these 
measurements, the runs were of sufficient duration 
30 that errors in starting and stopping were not 
mportant. The principal this 
valve lies in the fact that the flow, and therefore 


advantage of 


the equilibrium temperatures, are relatively un- 
disturbed when the flow is diverted from one col- 
lecting reservoir to the other. 
The power input to the calorimeter was deter- 
mined with a Wenner potentiometer by measur- 
the current flowing through the heater and 
potential drop across it. The temperature 
of the gas was measured by means of a five- 
copper-constantan difference thermo- 
The wires of this couple make 


tion 


we, TFC. 
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three turns around both the radiation shield and 
the flange, /:, and are cemented with Glyptal 
lacquer. This brought the leads to the approxi- 
mate temperatures of the junctions and so pre- 
vented significant differences between the tempera- 
tures of the thermocouple junctions and the 
adjacent parts of the calorimeter tube. The 
fact that the thermocouple was not calibrated in 
place is not believed to have caused an appreciable 
error as no significant differences in potential 
were found when the thermocouple was immersed 
varying amounts in the calibration bath, and as 
strains were avoided in those parts of the thermo- 
couple in which there were temperature gradients 
Further, the calibration of the thermocouple is 
not believed to have changed with time, as no 
significant differences in potential were observed 
between points taken 2 months apart in the cali- 
bration of the thermocouple used in the present 
investigation. It is believed that the temperature 
intervals in the heat capacity measurements were 
determined to about one part in 5,000. 

Small variations in the temperature rise of the 
gas, Af, perhaps caused by small changes in the 
power input to the calorimeter heater, H/,, were 
compensated for by small adjustments of the input 
pressure. In this way, the temperature rise of 
10 degrees was maintained constant to 
about 0.01 Furthermore, when a run 
was terminated, At was very constant and had 
the same value (within 0.001°) that it had at the 
Thus the heat capacity of the 


about 


-_ 
degree. 


start of the run. 

calorimeter did not enter into the computations. 
The correction for all three 

gases was determined by measuring the tempera- 


Joule-Thomson 
ture decrease when gas was passed through the 
calorimeter without 
eter tube, but with all other conditions the same 


applying heat to the calorim- 


as in a specific-heat run. These measurements 
were made at temperatures equal to the mean 
temperatures of the specific-heat runs and at 
various and mean 
These measurements may include effects 
than the Joule-Thomson effect and are more ac- 


The probable error 


pressure drops pressures. 


other 


curately called blank runs. 
in the heat capacity caused by the uncertainty in 
the blank runs is estimated as 0.03 percent. 


IV. Test of the Apparatus with Oxygen 


The heat capacity of oxygen was measured to 
test the accuracy obtainable with the calorimeter 
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after making the changes described in section II] 
Oxygen was used for this purpose because the 
specific heat is accurately known from spectro- 
scopic data, and it could be condensed and 
weighed 


1. Observed Data 


The observed heat capacity, Cp, in calories per 
mole-degree, was calculated from the relation 


WM 


Or ; 
P= 4.1833r(At+60) (1) 


where W is the heat input in watts, r is the flow 
rate in grams per second, M is the molecular 
weight, Af is the temperature rise, and éf is the 
Joule-Thomson centigrade 


cooling in degrees 


TABLE 1. 


Pressure 
drop in calo- 
rimeter 


Mean tem Mean pres lemperature 
perature sure rise 


Mass of ma 
terial 


g mmHg mm He 
$1. 680 75 ‘ » 
38. 505 7 7 2 
16. 390 7 ; 21 
12. 047 7 134 
2. 5S 7 ; 140 
43. 40 W 139 
(0. 774 a mb 
50). 680) ; ; 7 265 


oO. MI { 7 


! One calorie is defined as 4.1833 int. j. 


Joule 
son tempera 
ture fall 


Equation | actually gives values of AH 
for the temperature 
experiments AH/AT 
cision of the data. 
The the heat 


oxygen consist of three groups of measurement 


intervals chosen fo 


dH/dT=C, 


within 


determinations of capa 


with mean temperatures of approximately 0) 
+40°, and +90° C. 

The data of each group were adjusted to 
by using the observe: 


common temperature 


temperature dependence of the heat 


Capacity 
The adjustments were so small that they intro 
duced no appreciable error. The original data 
and the heat capacities, before and after adj ust- 
ment for temperature, are given in table | 


and 


in figure 3 the adjusted data are plotted. 


Heat capacities of oxygen ' 


Thom 
Flow rate 


o sec 

0. 021909 
022181 
022764 
059226 
060831 
(60472 
O44 
On4462 
084503 


OLLS24 
019857 
019649 
OG8528 


oe7 19 
16505 
16585 
34659 
417506 


SONS 


052962 
053000 
053096 
061240 


MAST 
61080 
066652 60926 
O70601 64213 
071256 a5v24 
O71351 65223 


071467 65182 


013242 
OLS055 
(282%) 


O28200 


10713 
16281 
25131 
24165 
089132 4578 


0890432 001 
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2. Heat Leak 
heat leak of the calorimeter was determined 
heat varying flow 
but the leak was found to be so small that 


asuring capacities at 


rection was made. The smallness of the 


confirmed by heat transfer calculations 
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Figure 3 Experimental results for oxygen. 


eattie-Bridgeman equation; MM, Meyers equation; S, Spectroscopic 


ul especially by the agreement between the 


spectroscopic and experimental values for oxygen. 


Comparison of the Experimental 
Spectroscopic Heat Capacities 


and 


In order to compare the observed heat capa- 
ties with those calculated from spectroscopic 
This was 
alculated by means of the general thermodynamic 
lationship 


ata, it Is necessary to obtain Cp—Cp°® 


Pp 
T(0°V/O0T")pdP, (2) 


0 
« 


d with the aid of the Beattie-Bridgman equa- 
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tion |2] and an equation® developed by Meyers [3] 
especially for oxygen. 

The effect of the reduction to the ideal gas state 
may be seen both in table 2 and figure 3, in which 
the experimental averages of Cp, -ea; are reduced 
to the state and compared with the 
spectroscopic values. 


ideal gas 
In table 2, groups of heat- 
capacity data are adjusted to a common pressure 
as well as temperature in order to facilitate com- 
parison of the data. It may that the 
experimental and spectroscopic values of the heat 
capacity agree within 0.04, 0.02, and 0.11 percent 
at —30°, +40°, +-90° C 


be seen 


and , respectively. 


TABLE 2 ( ‘ompar ison of measured and spectroscopic 


values of the heat capacity of oxygen ' 


Cp® calculated from column 2 

by using Cs Cp” from 
Cp “derived 
from spectro- 
scepic data 


rempera Mean Cp for 

ture l atm 

Beattie- 
Bridgeman 
equation 


Meyers 
equation 


cal mole 
6. 9765 


cal mole cal mole cal mole 
uw) 6. 993 6. 972 6.973 


0.04 7.040 
wo 7. 121 7.113 7.114 7. 1209 


7.050 7. 038 


7. 199s 


One calorie is defined as 4.1833 int. j 
2 These values are obtained by interpolation in an unpublished table pre- 
pared by H. W 
has adjusted Johnston and Walker’s [19] values for more recent values of the 


Woolley of the National Bureau of Standards, in which he 


vibrational frequency [20], the radiation constant ¢ (1.4284 cm ° C and 


the gas constant (1.98714 cal mole Cc 


V. Results of Measurements on Iscbutane 
and 1]1-Butene 


1. Observed Data 


The data for isobutane and 1-butene are pre- 
Observa- 


> 


sented in table 3 and in figures 4 and 5. 
tions were made at two or more pressures, except 
for the data on 1-butene at 90°C. At —30°C the 
measurements on isobutane were made at rather 
low pressures to avoid condensation of the gas as 
it passed through the calorimeter. The computa- 


tions follow the plan used for oxygen (section IV). 


PVIRT=1+BV44+CV2+EV™, where the coefficients B, C, and E 


have the values & 0.006772 T. (1— 10-8 482° TT) +-0.0009878; C, 4.2X10-° 
T 


refT?) +1. 428 10 ‘ 7.35K1e eT 709 (T/T) 7) 





TABLE 3.—Heat capacities of isobutane and 1-butene * 


Pressure Joule- 
Mass of Mean tem Mean pres Temperature drop in Thomson Flow 
material perature sure rise calorim tempera - 
eter ture fall 


rate 


[ISOBUTANE 


cal mole 
mm He @ sec Wi att 


0. 0203809 29860 
020618 29862 
020708 $0021 
013766 . 19012 
013800 1GR28 
013832 1GS38 
022123 $1468 
022208 31749 
030139 44247 
030498 44451 
030754 44204 
022179 31949 
022266 $2432 


072283 72543 


O16868 


016917 


011343 
011408 
016064 
024585 
028407 
028605 


O17 248 
017250 
O1LLSS4 
OLLSS7 
016276 
016290 
OB2812 
0383065 


O1L2Z845 268 
013201 23606, 
OLSSO4 {3661 


OLSSIL 33784 


029578 60819 
030230 ‘438 
030351 447 


0. 009763 17126 
015402 27438 
025733 45110 
041426 72207 
(20285 35044 
028309 M298 
040318 73372 
O5US92 09059 


010892 19503 
018669 34582 
03903 1 73217 
056021 02485 


* One calorie is defined as 4.1833 int rhe molecular weight of isobutane was taken as 58.120, and that of | butene 
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Figure 4.—Experimental results for isobutane 


2. Reduction of the Specific Heat to the Ideal Gas 
State 


(a) Isobutane 


In order to obtain (C,;°, 


the heat capacity data 
for a given temperature were plotted against 


pressure and extrapolated linearly to zero pressure 


(fig. 4). The results are given in column 6 of 
table 4. 
Waddington, Todd, and Huffman [4], who 
determined the heat capacity of n-heptane and 
2,2,3-trimethylbutane, also extrapolated their data 
linearly to obtain Cp° 


Cp, cal deg? mole” 
ij 


values. 

Values of Cp—Cp° obtained by extrapolation 
are considered the most reliable; however, for 
the purposes of comparison, column 4 of table 4 
gives the values of Cp° obtained by using published 
critical constants [5] in the Berthelot equation, 
and column 5 gives the values of Cp° obtained by 
using the constants of Benedict, Solomon, and 
Rubin [6] in their Kellogg equation. The experi- 
mental data used to determine the constants of 
Figure 5.—Exzperimental results for 1-butenc the Kellogg equation consisted of measurements 


MEAN PRESSURE, mm Hg 
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of the 


ethylene-isobutane system. 


liquid-vapor equilibrium in the methane- 


TARLE leat ca pac ties of isobutane in the real and ideal 


states ' 


calculated from column 


by using ¢ Cp” fro . 
yu f f + om I 1 


from heat 
capacity 
eat 
H measure 
meats 


’ 


Kellogg 
quation 


capacity 
measure 
ments 


cal 
mole liter mole 
mm Hg ( 
Q? 
17s 19. 735 19. 660 
2 19.74 
180 21. 537 
is 21. 572 
IS6 } 24. V1 
24. ORT 
26. 608 


M, ORO 


i One calorie is defined as 4.1833 int and the molecular weight of isobu- 
tane is taken as 58.120 

The values of Cp were adjusted to the indicated temperatures and then 
averaged to facilitate correlation 

These values were computed for comparison only Che values in column 


6 are considered most reliable 


Values of (0°V/07")» were calculated from the 
change with pressure of the calorimetrically deter- 
mined heat capacities by means of eq 2, assuming 
that Cp—C,° The 
results are presented in column 7 of table 4. 


is proportional to pressure. 


(b) 1-Butene 


40.4° C, the correction to the 


ileal gas state was assumed to be proportional to 


For 1-butene at 
the pressure and (p° was obtained from calorim- 


etric data by extrapolation to zero pressure 


(column 7 of table 5) as was done for isobutane. 
This procedure was chosen because the published 
data of state for 1-butene are more inadequate 
than for isobutane. To show the inadequacy of the 
equations of state for calculating reliable values 
of Cp—Cp°, columns 4, 5, and 6 were included in 
table 


the Berthelot equation {7, 


5 giving the values of Cp° obtained with 
8], Meyers equation for 
11}, and a 
13] empirical equation. 


the density of saturated vapors [9, 10, 


previously used [12, 


PV/RT k/VT* (3) 


10-° ml 
deg® g~' from the vapor density data of Roper [14] 


The value of * was estimated as 1.01 
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and of Aston, Fink, Bestul, Pace, and Sz 
It may be seen that the values of Cp°, ca 
with the equations of state, vary more w 
sure than is consistent with the accuracy 
calorimetric data. The recently published 

data of Olds, Sage, and Lacey [16] are n 

ciently precise to give good values of (0°) 97 


TaBLe 5. Heat capacities of 1-butene in the real 


states! 


calculated from column 3 
using Cp— Cp” from 


remper- Pres Mean 
ature sure (Cp, res —— 


equa 
tion ¢ 


Equa 
tion 3* 


cal cal 
mm mole mote mol ¢ 
dle ri r 
70 71. SRG l ; 21. 458 21. 442 
748 21. 765 l 5 21.498 21. 487 


750 24. 162 


! One calorie is defined as 4.1833 int. j and the molecular weight 
is taken as 56.104 
rhis value was calculated as described in section V-2-b 
‘The values of Cp were adjusted to the indicated temperature 
averaged to facilitate correlation 
‘ These values were computed for comparison only They i 
the equations of state are not adequate for determining the correct 


ideal gas stat 


At 90.1° measurements of Cp were made only ; 
750 mm Hg, and so the correction cannot be deter 
mined by extrapolation of the calorimetric data | 
The correction for 1-butene 
90.1° was computed from that at 40.4 
that the ratio of the two corrections was the san 


zero pressure. 


, assum 


as that found experimentally for isobutane 


Vi Estimate of Accuracy 


As shown in section IV-—3, the experiment 
values of the heat capacity of oxygen agree wit! 
those calculated from spectroscopic data with 
0.04, 0.02, and 0.11 percent at —30°, +-40°, a1 
+90°C, respectively. If there is no significa 
difference between the relative accuracies of 1! 
data for oxygen and the hydrocarbons, and th 
then tl 
values of (; 

presented in this paper should be roughly 0. 


is no evidence for such a difference, 


probable error of the mean 
percent. This value is in agreement with 1! 
probable error of 0.06 percent estimated from 
consideration of the known sources of error 
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1]. Comparison With the Work of Other 
Observers 


, search of the literature failed to show either 
perimental heat-capacity data for oxygen with 
accuracy comparable with that of the present 
easurements or reliable experimental heat- 
pacity data for 1-butene. 

The heat capacity of isobutane has been meas- 
red by Dailey and Felsing [17] and by Sage, 
Webster, and Lacy [18]. The results of Dailey 
nd Felsing agree with those obtained in this 
vestigation within their estimated error (up to 1 
in the temperature range covered by both 
vestigations. The values of Sage, Webster, and 
Lacey fall considerably below the results of this 


ercent 


nvestigation and that of Dailey and Felsing. The 
ita of the former were reduced to the ideal gas 
state with the Berthelot equation, but any error in 
he equation would be small in comparison with 
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400 
Vo"— 
isobutane with those of 


Com par son of results fo 


othe nvestiqaiors 


Webste 


Heat Capacities of Gases 


the 


reported here. All 


their data and those 


data for 


between 
the 


differences 


isobutane are 


presented in figure 6. 


[14] 
[15] 


116) 
[17] 
[18] 
{19} 


{20} 
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assumed 







portland cement clinker is possible. 





I. Introduction 





For many years an objective of research on 





ortland cement has been the correlation of the 
roperties of the cements with their chemical 
onstitution. This 
letermination of the compositions of the mineral 






correlation 





requires the 







ompounds in portland cement and the develop- 
ent of methods of calculating the relative 
mounts of each of these from the results of 
Although notable progress 










iemical analyses. 





as been made, errors in the estimates of the 






lative amounts of the minerals sometimes are 





ge. These errors are partly due to inaccuracies 





| the estimate of the amount of glass, some of 





vhich is always present in portland cement. The 





letermination of the glass content is based, in 
art, on values of the heats of solution of the 






ndividual minerals. The estimated glass content, 


herefore, will be in error unless the true substances 






resent are recognized 





Recently there was announced the discovery in 
he ternary system CaQO-Al,O,-Fe,O, of a compound 
hexacalcium dialumino ferrite, 6CaO.2Al,0,.- 


Fe,Oz 







There was also found a complete series 
I 





Figures in brackets indicate literature references at the end of this paper 
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Heats of Solution of Solid Solutions of Hexacalcium 
Dialumino Ferrite and Dicalcium Ferrite 


By Edwin S. Newman 


The heats of solution of members of the series of solid solutions between 6CaO. 2Al,Q;.- 


Fe,O; and 2CaO.Fe,O; have been determined. 


formed in portland cement clinker are still unknown. 


Members of this solid-solution series are 


formed in cement clinker instead of the single compound 4Ca0O. Fe,O,;.Al,O;, as formerly 
It has been shown that this assumption causes a negligible error in the latent 
heats at present used in estimating the glass content of portland cement clinker. It is 


pointed out, however, that the compositions and heats of solution of the glasses actually 


These quantities must be determined 


before the accurate estimation of the phase composition and glass content of commercial 






of solid solutions having the general formula 
6CaO.7Al,O;.yFe,0;, in which z varies from two 
to zero and y simultaneously varies from one to 
three, the sum of x and y being always three. 
The extent of solid solution and the existence of 
the compound were unknown when many investi- 
gations of the constitution of portland cement 
clinker were made. As a first step in the possible 
revision of the method for the estimation of the 
glass content of portland cement clinker [2], the 
heats of solution in acid of the members of the 
solid-solution series have been determined. 


II. Materials, Procedure, and Apparatus 


The raw materials used in this study were 
reagent-quality chemicals: low-alkali calcium car- 
bonate, ferric oxide, and hydrated alumina. Two 
mixtures were prepared which would have, after 
ignition, the compositions 6CaO.2A1,0,.Fe,O; and 
2CaO.Fe,0;. These basic mixtures were analyzed 
and their compositions adjusted. Quantities of 
these two materials were combined to give sam- 
ples of about 10 g each of six other members in 
the solid-solution series. The samples, including 
those of the basic mixtures, were heated at 1,300° 
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C and ground in an agate mortar. This treatment 
was repeated until formation of the compounds 
was judged complete when the samples were 


examined under the petrographic microscope. 
After the final heating, the unground samples 
were stored in screw-cap vials in a desiccator. 
Just prior to the determination of the heat of 
solution, each sample was ground in a power- 
driven mortar for periods of from \ to 2 hours. 
The were determined in a 
mixture of nitric and hydrofluoric acids. Ten 
milliliters of 48 percent HF were used together 
with sufficient 2.500 N HNO, to make a total 
648.5 ¢. The 
rimeter used in this work has been described in 


The methods of calculation 


heats of solution 


weight of heat-of-solution calo- 
detail elsewhere [3]. 
of heats of solution were those used in precision 


calorimetry [4]. 


III. Results and Discussion 


The heats of solution and the compositions of 
the samples are given in table 1. The compositions 
are given in weight percentages of 6CaO.2Al,0,,. 


| 
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° 
WEIGHT PERCENT 2CaO FeE.O, 


solid-solution series 


Heats of solution of the 
2Ca0. FeO 


Figure 1 
§6CaO.2AhO,s. FeO 
expressed as weight percentage 2C aQ. FeO. 


versus the composition 


The closed circle the alue for 4CaO.AleOs. FegOy) determined by Swen 
son. Herbert Insley, Eir Flint Arthur 
Swenson, Relation of compositions and heats of solution of portland cement 


clinker, J. Research N BS 21, 358 (1908) RP! 
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Fe,O, and 2CaO.Fe,QO.. 


It was found tha 


plotted as a function of composition, the 
of the heats of solution lay along a straig 


(fig. 1). 


Average values only are shown in 


1, as many of the determinations gave hy 


solution too close together to plot individua!|, 


TABLE 1 


the solid-solution series 6CaO.2A1l,0s. FesO 


Compositions and heats of solution of mer 


2Ca_ Fy 


Composition 


6Ca0-2Ah0 
FeO 


wt percent 





ompound formula 
solut 


2CaO- Feel 
ermin 
oselv 


wt percent 


0 6CaO0-2A Or, FeO resen 


Mar 
stitu lh 
linket 
he ¢ 
{1.05.1 

ilatic 
incom 
aleuls 
letern 
rysta 
ompe 
taken 
linke 
om pt 
sumpt 

n the 
verific 


aleul 


6CaO AleOs 2FeoO 


pletel 
mined 
based 
comp 
tovet 
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6.46C,A,F + 4.49C,F 
portray the 


The equation H 
ants the straight line chosen to 


repre- 
veighted data. In this equation, H/ is the heat 
{ solution in calories per gram of any member 
the solid-solution series and C,A,.F and C.F 
present the composition of this member in per- 
ntages of 6CaO.2A1,0,.Fe,0, and 2CaO.Fe,O,, 
spectively. This 
arly parallel to the line of least squares and is 
rawn through the heats of solution of 6CaO.2Al,- 
(),.Fe,0, and 2CaO.Fe,O, 
value [5] for 


equation represents a line 


This line approaches 
4CaO.Al,O,.Fe.0;, de- 


somewhat more 


’ 
swenson s 


ermined with this calorimeter, 


losely than does the least-squares line of the 


resent data. 

Many calculations have been made of the con- 
stitution and the heats of solution of cement 
linkers [5], assuming complete crystallization into 
he compounds 3CaO.SiOQ,, 2CaO.SiO,, 4Ca0O.- 
\),05.Fe,O,, and 3CaQO.Al,O;. Frequently the cal- 
lations were made after correcting the CaO for 
meombined lime [6]. The heats of solution thus 
aleulated often agreed with the experimentally 
ietermined heats of solution of the incompletely 
rystallized clinker. Consequently, the calculated 
ompound composition was sometimes incorrectly 
taken to represent the actual constitution of the 
linker. The heats of solution of several of the 
ompounds are relatively close. Incorrect as- 
sumptions as to the crystalline substances present 

the clinker, therefore, can often appear to be 
verified by agreement between the observed and 
alculated heats of solution. 

For example, clinker 25F in table 4 of the paper 
by Lerch and Brownmiller on the estimation of 
glass [2] had an oxide composition of 63.3 percent 
f CaO, 5.0 percent of MgO, 5.9 percent of Al,Os,, 

2 percent of Fe,Q;, and 22.2 percent of SiQh. 
The heat of solution of an “annealed,” i. e., com- 
pletely crystallized, sample was 631.9 cal/g, deter- 
experimentally. The 
based on the incorrect assumption that the four 


mined calculated value, 
compounds named in the preceding paragraph, 
together with MgO, were the constituents, was 
632.9 eal/g. If these values were the results of 
ctual duplicate determinations of the heat of 
solution with the vacuum-flask calorimeter [7], 
they would be considered in excellent agreement 
s However, if the heat of solution is calculated 
on the basis that 6CaO.2AI,0,.Fe,O, is formed, as 

ionstrated by Swayze [1], instead of 4CaQO.- 


Calcium Alumino Ferrite Solid Solutions 


Al,O;.Fe,O;, the value 630.4 cal/g is obtained. 
This value is also in excellent agreement with the 
experimentally determined value, although the 
calculated amounts of 3CaQ.AI,O, and 2CaO.SiO, 
have been decreased by 5.5 and 3.5 percent, re- 
spectively. Furthermore, the amount of 3CaO.- 
SiO, has been increased by 4.3 percent, and 14.0 
percent of 6CaQ.2Al,0,.Fe,0, having a heat of 
solution of 642 cal/g* has been substituted for 
9.7 percent of 4CaQ.Al,O,.Fe,0, having a heat of 
solution of 587 cal/g. 

Because of the formation of 6CaO.2Al.0,.Fe,0, 
instead of 4CaQ.Al.O,.Fe.0,, the latent heats of 
crystallization of the liquids studied by Lerch and 
Brownmiller [2] are slightly in error. This differ- 
ence is caused by the formation at crystalline 
equilibrium of different amounts of 2CaQO.SiO, 
than assumed in their work. The observed dif- 
ferences between the heats of solution of the glasses 
and of the same material at crystalline equilibrium 
are the sums of the latent heats of the glasses plus 
the heat effects of the beta-to-gamma inversion of 
dicalcium silicate. The corrections to the ob- 
served differences in heats of solution to give the 
latent heats are therefore somewhat different than 
calculated by Lerch and Brownmiller [2]. 

The potential compound compositions at crys- 
talline equilibrium and the heats of solution were 
recalculated for the nine liquid compositions given 
in reference [2]. The recalculated heats of solu- 
tion agreed as well with the observed heats of 
solution as did those calculated on the former 
basis, the root-mean-square deviation being 1.7 
cal/g compared with 2.1 cal/g. The differences in 
the calculated amounts of 2CaQO.SiO, caused small 
differences in the latent 
amounting in the largest case to about 1.5 percent. 


heats of the glasses, 


Errors introduced from this cause into the estima- 


tion of the glass content of portland cement 
clinkers are insignificant compared with the normal 
errors of such calorimetry and with the errors 
introduced by the present lack of knowledge of the 
true composition of these glasses. 

At present, the composition relations between 
the solid solutions of 6CaQ.2Al,0,Fe,0,—2Ca0O. 
Fe,O, and the liquids in equilibrium with them 


are not known. It is therefore not possible to 


rhe heat of solution of 4CaO.AleOs. FeeO, in the calorimeter used in the 
present work was 591 cal/g, differing from the value given in reference (2) by 
The value 646 cal/g for 6CaO.2AleOs. FerOs obtained in the present 


n recalculating the heat 


4 cal/g 
investigation was therefore reduced by 4 cal/g 


solution 
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estimate the compositions and quantities of the 
liquids formed at equilibrium in the system 
2Ca0.Si0,—5CaO0.3Al1,0,;—2CaO. Fe,0,—CaO 
MgO. The heats of solution and latent heats of 
the glasses formed by cooling these liquids cannot 
be determined until their compositions are known. 
When this information is available, the phase 
composition and the glass content of commercial 
portland cement clinkers can be estimated more 
accurately than at present. 


IV. Summary 


The heats of solution of members of the series 
of solid solutions between 6CaO.2A1,0,.Fe.0, and 
2CaO.Fe.O, have been determined. Members of 
this solid-solution series are formed in cement 
clinker instead of the single compound 4CaO.- 
Fe,O,.Al,0; as formerly assumed. It has been 
shown that this assumption causes a negligible 
error in the latent heats at present used in esti- 
mating the glass content of portland cement 
clinker. It is pointed out, however, that the 
compositions and heats of solution of the glasses 
actually formed in portland cement clinker are 
still unknown. These quantities must be deter- 
mined before the accurate estimation of the phase 
composition and glass content of commercial 


portland cement clinker is possible. 


The author is indebted to Mario Storlazzi and 
Leonard Bean for the chemical analyses and to 
L. A. Dahl for assistance in computation. 
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Relative Thickness of Lead, Concrete, and Steel Required 
for Protection Against Narrow Beams of X-Rays 


By George Singer,* Harold O. Wyckoff, and Frank H. Day 


The lead equivalents of X-ray protective barriers are given for both concrete and steel for 


potentials between 200 and 1,400 kv. These were determined experimentally using a pres- 


sure ionization chamber and an X-ray tube to which constant potential was applied. Narrow 


X-ray beams were used. The data obtained are compared with those published by other 


workers. Data on the relative masses referred to lead of both concrete and steel barriers 


are included. The agreement among the several laboratories is satisfactory when considera- 


tion is given to differences in the test specimens used and in the experimental technic. 


It is the purpose of this paper to present experi- 
mental data on the relative thickness of lead, con- 
rete, and steel needed for protection against 
arrow beams of X-rays generated by potentials 
tween 200 and 1,400 kv and to compare these 
with similar results published by other labora- 
tories. The total range so covered is 70 to 2,000 
v. The usefulness of such data depends upon 
the availability of information on the thickness of 
ead required for protective barriers. The Ameri- 
an Standards Association Code Z54.1 [1]' con- 
tains such recommendations for potentials up to 
0 kv. Details of the research leading to the 
ecommended absorption curves for X-rays are 
siven in other papers [2, 3]. Wide-angle X-ray 
vam absorption in concrete is also given for 
000 and 2,000 kv. Other technical publications 
ontain limited absorption-curve data for poten- 
als up to approximately 2,000 kv as well as some 
ata on the lead equivalent of various building 
materials [4 to 11, incl.]. 


I. Introduction 


Concrete and steel have become important as 
iaterials for the construction of X-ray protective 
harriers; both are now used extensively to supple- 


vased 
ires in brackets indicate the literature references at the end of this 


Protection Against Narrow Beams of X-Rays 


ment metallic lead and its compounds in installa- 
tions for X-rays generated by potentials up to 
approximately 400 kv and to replace, in large part, 
lead and its compounds in protective barriers for 
X-rays generated by voltages above this value. 
This trend, given additional impetus by war con- 
ditions that have made the procurement of metallic 
lead difficult and the construction of metallic bar- 
riers costly, is firmly established and is unlikely to 
be reversed as there are sound economic reasons to 
justify it. As the penetrating power of X-radia- 
tion is increased up to about 3,000 kv, the effective- 
ness of materials of relatively low effective atomic 
number—such as concrete, or steel—increases 
also; unlike lead, these materials do not require 
costly supporting structures. Most high-voltage 
X-ray installations are housed in new buildings of 
steel and concrete construction; the walls, ceilings, 
and floors in such buildings can be made ade- 
quately protective at relatively little additional 
cost by increasing their thickness sufficiently. 
None of these papers covers the whole range of 
X-ray quality now commonly used in the medical 
and industrial applications; they are widely 
scattered in the literature, appearing in both 
English and German, and in scientific and tech- 
nical journals to which designers of X-ray equip- 
ment and X-ray installations do not have ready 


access. 
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Often protective barriers are located quite near 
the personnel that they are to protect, and the 
barriers are irradiated by X-rays over large 
The data presented in this paper 
do not apply under such conditions. Only when 
the barrier is located far from the personnel to be 


areas. new 


protected and the irradiated area is small should 
this new information be used. It has been theo- 
retically predicted and experimentally verified 
that the difference in apparent absorption should 
be perceptible in the region where scattering is 
appreciable. In section [V—2 attention is called 
to some measurements that give the order of 
magnitude of this difference expressed in terms 
of the lead equivalent. 


II. Test Specimens 


Singer, Taylor, and Charlton [9] have reported 
that for narrow X-ray beams generated by 
potentials from 200 to 400 kv the lead equivalent 
of a concrete barrier is proportional to its density 
and is, for practical purposes, unaffected by the 
nature of the concrete mix, except as the composi- 
tion affects the density of the concrete. Tests 
made in connection with the present study—the 
results of which are presented in a later section 
confirm this finding for X-rays generated by 
potentials up to 1,400 kv for concrete and steel. 
As the lead equivalents of concrete barriers of 
different composition but of the same density are 
the same, it is sufficient to confine attention to 
specimens of but a single composition. Accord- 
The 


specimens used are those described in reference 


ingly, only one concrete mix was examined. 








SECTION &A 
PRESSURE 


CHAMBER 


Ficure | ( 


|9}. Three sizes of concrete cylinders were \ seq 
Of these, the first is 15 em in diameter and || ey 
in length; the second, 20 cm in diameter and 14 
em in length; and the third, 20 em in dia:ete 
and 22 em in length. The volume ratio of cement 
to sand to gravel is 1:2.2:3.8. Although th 
density of these specimens varies from 2.34 to 
2.40 g/cm’, all data relating to them have been 
corrected so as to apply to concrete of density 
2.35 g/em®, that is, concrete weighing approxi- 
mately 147 Ib/ft®. For further 
original paper should be consulted. 

The steel specimens consist of 30-cm squares of 
cold-rolled steel approximately 1.27 
density 7.8 g/em*. 


Ill. Method 


details, the 


cm thick of 


The 


equivalent of all specimens is essentially that 


method used in determining the lead 
described in the paper by Singer, Taylor, and 
Charlton [9]. It consists in comparing the X-ray 
attenuation due to each specimen with that due 
to each of a series of lead sheets of known thick- 
ness. This is done by measuring the relative 
ionization in a pressure ionization chamber when 
each specimen is used as a filter under identical 
operating The apparatus 
shown in figure 1. The X-ray generator has been 
described by E. E. Charlton and H. S. Hubbard 
{12}. This consists of a constant-potential power 
supply and a pumped X-ray tube made up in 10 
Power is supplied to the generator from 


conditions. used is 


sections. 
a synchronous motor-generator set, the output 
voltage of which is remotely controlled by vary- 














ross section of apparatus used in determination of lead equivalent of concrete and steel 
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he resistance in series with the generator 
field winding. The constant potential applied to 
he tube is measured by means of a potentiometer 
sed in conjunction with a wire-wound resistor of 
1400 megohms in parallel with the tube and its 
supply. It is conservatively estimated that by 
neans of this voltmeter the tube voltage can be 
measured with an accuracy of better than 1 per- 
ent. As this voltmeter is a modification of the 
type described by Taylor for lower voltages, his 
paper [13] should be consulted for further details. 
The tungsten target of the X-ray tube is of the 
reflection type, that is, the axis of the X-ray beam 
s at right angles to the axis of the X-ray tube. 
The anode cylinder of this tube is surrounded by 
, shield, B, containing 4 in. of lead shot. The 
ead cylinder, D, immediately in front of the tube 
target, A, contains a monitoring ionization cham- 
ber used to check the constancy of the X-ray 
output. The lead diaphragm in the end of this 
cylinder limits the X-ray beam to a diameter of 
approximately 10 cm at the incident face of the 
first test specimens, 77. Immediately in front of 
this diaphragm there are a 3-in. lead shutter, F, 
and a series of lead filters, G; both the shutter 
and the filter system are remotely operated from 
the control room. The test specimens were 
placed at a distance of from 1 to 2 m from the tube 
Beyond the specimens a temporary brick 
wall, J, 30 em thick, was erected in order to re- 
duce the effect of The 
X-radiation passes through the aperture in this 
brick baffle, and after passing through the 4-cm 
aperture in the diaphragm, -J/, in front of the lead- 
baffle, A, ionization 
hamber. The ionization current produced within 
this chamber is amplified by an FP-54 amplifier 
ind is measured by a potentiometer in the grid 
For details relating to 


target. 


scattered radiation. 


shot enters the pressure 


ircuit of the amplifier. 
the pressure ionization chamber and the ionization 
measuring system used, reference should be made 
to the paper by Taylor, Singer, and Charlton 
describing this apparatus [14]. 

No filtration was used other than that inherent 
n the X-ray tube and in the monitoring ioniza- 
tion chamber. This filtration consisted of 0.79-mm 
brass, 0.79-mm copper, 12.7-mm water, and 

)3-mm aluminum. 

lhe experimental procedure is as follows: One 
or more of the test specimens are placed in the 
position indicated in figure 1, the*number used at 
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any one time depending upon the thickness of con- 
crete for which the lead equivalent is desired. In 
this way, the concrete thickness is increased in 
steps of approximately 5 cm to a total sufficient 
to reduce the dosage rate to 0.35 < 107° r/see or less 
for any given quality of radiation. At a given tube 
voltage and tube current the ionization current is 
determined by the measuring system described 
above. The specimens are then removed from the 
beam, and lead filters are introduced in turn by 
means of the remotely controlled filter system. 
This is continued until a combination of lead 
filters is found for which the ionization current is 
the same as that observed with the specimen in the 
beam. The total thickness of lead in the beam is 
taken to be the lead equivalent of the specimen in 
question. If no such combination of filters is avail- 
able, the lead equivalent is found by means of an 
interpolation curve for lead filters having approxi- 
mately the lead equivalent of the specimen. To 
find the thickness ratio in any given case, the 
thickness of the sample is divided by the thickness 
of its equivalent lead filter. 

For purposes of X-ray protection, the lead 
equivalent of any sample, and therefore, the 
thickness ratio, should be determined for barriers 
of sufficient thickness to reduce the dosage rate of 
any given beam of radiation incident upon it to 
approximately 0.35 10~°r/sec ?; that is, to such 
a level that a person may remain behind the barrier 
continuously for 8 hr and receive no more than 
0.1 r. When ionization measurements are carried 
out for barrier thicknesses sufficient to bring about 
such a reduction in the dosage rate of the incident 
radiation, scattering effects become important and 
must be eliminated, if possible, or if not possible, 
must be corrected for. In order to minimize the 
effect of scattering when very thick specimens are 
examined, ionization readings for each specimen 
and for each lead filter are taken in two steps: 
(1) as described above, and (2) with a 6-in. lead 
L, in the 6-in. 


plug inserted in the aperture, 


? The tolerance dose was defined by The International X-ray and Radium 
Protection Commussion at the Fifth International Congress of Radiology, 
Chicago, September 1937, as 0.2 roentgen per day, which ‘‘on the basis of 
continuous irradiation during a working day of 7 hours * * * corresponds 
to a tolerance dosage rate of 10~*r/sec."’. As more and more penetrating radia- 
tion has come into common use in both medicine and industry, a trend has 
developed toward the reduction of the daily tolerance dose from 0.2 to 0.1 r 
In both Handbook HB20 of the National Bureau of Standards and in the 
Industrial X ray Safety Standard of the American Standards Association, 
the daily tolerance, or permissible dose, is given as 0.1 r, which on the basis 
of continuous exposure throughout an 8-hr working day is equivalent to 


approximately 0.2 milliroentgen per minute, or 0.35 X10~r/sec 


667 





baffle, K. 


scattered radiation entering the pressure chamber. 


This second reading is a measure of the 


The ionization reading for the specimen or lead 
filter in question is found by taking the difference 
between the first and second of these readings. 


IV. Results 
1. Effect of Tube Voltage and Barrier Thickness 


For concrete, the lead equivalent of each speci- 
men was determined for potentials from 400 to 
1,400 kv in steps of 100 kv. The results so ob- 
tained have been plotted in figure 2 to show the 
lead equivalent of concrete at each of these volt- 
ages as a function of the barrier thickness. For 
the sake of completeness, there has been added to 
these curves, others based on similar data pub- 
lished earlier by Singer, Taylor, and Charlton [9] 
for generating potentials between 200 and 400 kv. 
The 
protective barrier with 
effect that is very pronounced in the potential 
range between 200 and 400 kv, is still apparent 
at 1,400 kv, but the rate of this increase falls with 
increasing potential. For high generating po- 
tentials and for thick barriers, the curve showing 
the lead equivalent of a barrier as a function of its 
For low volt- 


increasing effectiveness of concrete as a 
increasing voltage, an 


thickness is approximately linear. 
ages and relatively thin barriers, the curves are 
parabolic. 

In table 1 the results obtained for concrete are 
summarized for narrow X-ray beams. In the first 
column the voltage applied to the tube is given; 
in the second, the ratio of thickness of concrete to 
thickness of lead giving equivalent protection 
under identical conditions; in the third, the mass 
ratio, that is, the ratio of the mass of a concrete 
barrier to that of a lead barrier affording equivalent 
table 


protection under identical conditions. In 


2 similar data are given for steel. 

As the lead equivalent of a barrier material is 
not in general proportional to the barrier thick- 
ness, the thickness ratios given in the second col- 
umn of tables 1 and 2 will depend upon the barrier 
thickness. The thickness of especial interest is 
that sufficient to reduce the intensity of the X- 
radiation incident upon it to the “tolerance’’ or 
“permissible dosage rate.” For the purpose of 
computing the thickness ratios given in tables | 
and 2, it has been assumed that the barrier in 
question is such as to reduce to 107'r/see the 


668 


X-radiation incident upon it from an X-ra\ tyly 
1 m away when the tube is operated at the  otep 
tial indicated and at a tube current of | ma 
These factors were selected in order to facilitat, 
comparison of these data with data reported by 
others for approximately the same conditions. 
Under other operating conditions, these ratios ar 
still sufficiently accurate for practical purposes. 
since, as is evident from figure 2, the lead equiva- 


TABLE 1.— Thickness and mags ratios for concret: 


Thickness 
ratio for 
concrete 


X-ray 
energy 


Mass ratio 
for concrete ? 


—— — om oe os AS 6S 


The thickness ratio is obtained by dividing the thickness of concer 
by the thickness of lead required for equal protection under identical cond 
tions 

? The mass ratio is obtained by dividing the mass of a concrete barrier 
by the mass of a lead barrier required for equal protection under ident 
conditions 

These ratios are computed for a concrete barrier of sufficient thick ness 
reduce a narrow beam of incident radiation to 10-'r/sec at 1 m from an X\-r 
tube operated at the voltage indicated and a tube current of 3 ma. All! dat 
were obtained at the National Bureau of Standards 

G. Singer, L. 8. Taylor, A. L. Charlton, J. Research N BS 21, 783 
RP1155 


TABLE 2.— Thickness and mags ratios for steel 


| 
Mass ratio 
for steel ? 


Thickness ra- 
tio for steel ! 


X-ray 
energy 


3. 6 [4] 
5 [6) 
9 [6] 


5 [5] 


re ww we oo 


' The thickness ratio is obtained by dividing the thickness of stee! ! 
thickness of lead required for equal protection under identical conditix 

? The mass ratio is obtained by dividing the mass of a steel barrier | 
mass of a lead barrier required for equal protection under identical cond 

These ratios are computed for a steel barrier of sufficient thickness to 
a narrow beam of incident radiation to 10-'r/sec at 1 m from an X-ra 
operated at the voltage indicated and a tube current of 3ma. Unies 
wise specified the data given are those obtained at the National Bur 
Standards, 
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ent of a barrier tends to become linear for barrier applies. The heavy line through the open circles 
thickness of the order required for adequate X-ray is that obtained for the data given in table 1, 
protection. For this reason, tables 1 and 2 (and covering the potential range from 200 to 1,400 kv. 
‘heir graphs given in figures 3 and 4, respectively) In the interest of completeness, and for the purpose 
may be used without appreciable error in comput- of comparison, points obtained from the published 
ng X-ray protection for various tube currents and data of 11 other workers have also been plotted 
istances on the basis of a daily tolerance dose of With the exception of the data taken from Heiden- 
0.35 X 107*r/sec). reich and Jeager [4], the agreement between the 

In figure 3 the thickness ratio for concrete has several workers, although not as close as might 
en plotted as a function of the tube voltage that be desired, is as good as can be expected when 
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THICKNESS OF CONCRETE (CENTIMETERS) 


RE 2. Variation of lead equivalent of a concrete barrier with barrier thickness for potentials between 200 and 1,400 kv. 


Lead equivalent of concrete, constant potential; narrow X-ray beam, axis at right angles to axis of electron stream; density of concrete 2.35 g/cm! 
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Fiaure 3.— Ratio of concrete thickness to lead thickness as a 


function of tube voltage. 


Ratio of concrete thickness to lead thickness to reduce radiation at one 
meter to 10-*r/sec. 


consideration is given to all factors affecting the 
end result. Aside from the involved in 
the making of such measurements—of which only 
a rough estimate there are many 
conditions that are not equivalent for the several 
determinations. A significant comparison of such 
data is possible only when the test samples, the 
nature of the radiation, and the irradiated area 


errors 


is possible 


are similar, and furthermore only when the accu- 
racy with which these factors are defined can be 
specified. 

Correction for differences in the test specimens 
is possible whenever their density is specified; 
likewise, correction for differences in initial dosage 
rate can be made if the necessary data are supplied. 
These corrections, being relatively simple to make, 
were applied to all data plotted in figure 3 for 
which the information was available. 
The effect of variations in radiation quality on 
the results, while very important, is difficult to 
determine as many operating conditions must be 
These include 
the generator wave form; the accuracy of voltage 


necessary 


considered in such an evaluation. 


measurement; the tube bias used, both inherent 
and controlled; the direction of the X-ray beam 
with that of the electron stream; 
filtration; and spectral selectivity of the radiation 
While important at all voltages, 


respect’ to 


detector used. 
these factors become increasingly so as the tube 
voltage is increased. In figure 3 no attempt was 


made to correct for any of the factors relating to 
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the specification of radiation quality o1 
diameter. 

The results of all the laboratories clearly sho 
the essential characteristics of protective burrie 


Deal 


made of concrete or of similar materials of |» 
atomic number. As already noted, such barrie 
are comparatively ineffective at low 
that is, a greater thickness ratio is, 
required for soft 
relatively greater penetrating power. 
200 kv a concrete barrier should 
times as thick as a lead barrier if equivalen 
protection is to be had, whereas, at 1,000 ky 
comparable concrete barrier need be only abou 
six times the thickness of its equivalent lea 
barrier. The discontinuity in the curve at approxi 
mately 100 kv is caused by the K-absorptior 
limit of lead. As a result of this discontinuity 
such barriers have a minor maximum lead equiy 
alent at this voltage and a minor minimun 
lead equivalent at approximately 200 kv. Fo 
potentials above 200 kv the lead equivalen 
increases (the thickness ratio decreases) rapidly 
at first and then more slowly as the photoelectric 
absorption of lead becomes less important, unti 
in the range between 1,000 and 2,000 kv relatively 
little change is to be observed. 

In figure 4 the thickness ratios for steel ar 
plotted to show variation with X-ray generating 
potential. These data were taken from table 2 
In addition, there is included the thickness rati 
of steel at 2,000 kv computed from absorptior 


Voltage 
in general 
X-rays than for X-rays o 
Thus, a 


be about 6 
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Figure 4—Ratio of steei thickness to lead thickness 
function of tube voltage 
Ratio of steel thickness to lead thickness to reduce radiation at one 


to 10~ r/see 
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rves recently published by Charlton and 
Westendorp [10]. Except that the thickness 
ytios for steel are less than for concrete —approxi- 
ately in the ratio of the densities of the two 


yaterials for this potential range—the discussion 


> 


iven in connection with figure 3 applies also to 
cure 4. 


2. Effect of X-ray-Beam Diameter 


The lead equivalent obtained for a given test 
ample depends upon the area of the sample 
radiated in making the determination. Mate- 
als of low atomic number produce a larger 
ercent of their X-ray attenuation by scattering 
than does lead whose photoelectric absorption is 
till appreciable in this potential range. There- 
fore, when determined for an X-ray beam of large 
liameter, the lead equivalent of a barrier of rela- 
tively low atomic number is less than that ob- 
tained when a small beam is used. The use of 
small fields is desirable because only under such 
experimental conditions can accurately reproduc- 
This technic is objection- 
ible, however, as a lead equivalent so obtained 
snot necessarily a true measure of the effective- 


ble data be obtained. 


ness of a given barrier under actual working 
conditions. When very broad beams are used, 
the actual lead equivalent of the barrier in ques- 
tion may be much less than indicated by experi- 
nental determination involving the use of small 
X-ray fields. This effect 
wainst, especially for very penetrating radiation, 
is the effect becomes greater the more penetrating 


must be guarded 


the radiation becomes. Unfortunately, because 

f technical difficulties in obtaining such data, 
there is at present relatively little information 
vailable on the effect of beam size. 

Of the data on thickness ratios for concrete 
resented in graphical form in figure 3, only the 
wints taken from the work of Jaeger and Trost 
j], and also from Braestrup’s [3] paper, were 
ibtained with the broad beams encountered in the 
pplication of radiation barriers. The experi- 
nental conditions for which the work of Jaeger 
nd Trost was carried out was such that the diam- 
eter of the beam is approximately 30 cm. The 
beam size in Braestrup’s work is not specified. 
The differences between the lead equivalents 
btained by these workers and those obtained by 
the others listed in figure 3 are therefore significant 
s they give a rough indication of the decrease in 
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the lead equivalent of a barrier when different 


beam sizes are used. 
3. Mass Ratio for Concrete and Steel 


In the construction of new buildings for housing 
X-ray installations, the matter of the relative 
mass of various protective barriers must of course 
be considered in the design of the building, but 
this factor is of relatively greater importance when 
an X-ray installation is to be set up in an old 
building, in which serious restrictions may be 
imposed on the additional loading that may be 
applied to walls, ceilings without 
approaching the danger point. 
nection with the problems of this nature, there is 


floors, and 
For use in con- 


given in figure 5 the mass ratio of both steel and 
concrete barriers for potentials between 100 and 
1,400 kv. Here, again, there is shown in addition 
to the data first reported here, that recomputed 
from the published work of several other workers 
in this field. It should be noted that the points 
for concrete and steel both fall on a single curve. 
This means that the lead equivalents of barriers 
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Figure 5—Mass ratio of concrete and steel barriers for 
potentials between 100 and 1,400 kv 


Mass ratio for concrete and steel barriers—narrow X-ray beam 





constructed of these materials are proportional to 
their relative densities 
V. Summary 


Metallic lead is the primary X-ray protective 
has been 


material in the low-voltage range. It 
supplemented by such materials as concrete and 


steel in the supervoltage range but is unlikely to be 
entirely superseded. For this reason, the speci- 
fications of the relative effectiveness of various 
materials as protective barriers in terms of metallic 
lead is of interest. From the data presented herein 
for lead, concrete, and steel, it is possible to de- 
termine the thickness of a barrier of anyone of these 
materials when that for lead is known.’ For poten- 
tials up to 250 kv, the recommendations of the 
American Standards Association are available. 
For X-rays generated by potentials greater than 
250 kv, limited experimental and theoretical data 
for absorption curves are available, but there has 
been no general agreement on these requirements 
in the supervoltage region, except for the concrete 
curves for wide angle beams given by the ASA 
Code.* 

+ It is necessary that caution be used in such an application for the data 
given in this paper applies only to the case of narrow beams of X-rays 

‘The National Bureau of Standards has recently completed an experi 


mental arrangement for determination of the effect of the size of the irradiated 


area of the barrier upon the attenuation produced. It is expected that this 


information will soon be available 
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